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4Abstract
MRI is a powerful tool for imaging the heart, allowing the collection of anatom-
ical and functional information non-invasively. Heart function is routinely as-
sessed by global performance via ventricular masses and ejection fraction. Re-
gional dysfunction, often a precursor of disease, can be hidden by apparently
healthy global ventricular function and so there is a clear need for accurate and
reproducible methods for measuring regional myocardial mechanics.
Tissue phase velocity mapping is the only MR technique which is capable of
measuring motion over the entire cardiac cycle. Unfortunately current sequences
are inefficient and do not fully exploit its full potential. This thesis presents the
development of a new high temporal resolution sequence which uses spiral k-
space trajectories to speed up the acquisitions, and implements retrospective
cardiac gating to extend the technique over the entire heartbeat. Two sequence
variations are developed and assessed.
The first uses a modified respiratory navigator algorithm to acquire high resolu-
tion data in ten healthy volunteers on two occasions, demonstrating very good
reproducibility. Measurements in atrial systole have been made for the first
time, providing information that previously was only seen from echocardiogra-
phy. The second sequence variation uses a non-Cartesian SENSE reconstruction
to allow the acquisition of similar resolution images within a short breath-hold.
This sequence performs as well as the navigator gated sequence despite being
acquired in just thirteen heartbeats. Analysis tools have also been developed
and colour plots have been used for the first time to present a large amount of
data in an easily interpretable way.
By speeding up the acquisition of tissue phase velocity mapping data and by
extending it over the entire cardiac cycle, the work presented in this thesis pro-
vides the potential to routinely acquire information about regional myocardial
mechanics in clinical practice.
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Chapter 1
Background
1.1 Cardiac Anatomy and function
1.1.1 Overview
The human heart is a muscular organ, about the size of a fist and weighing 250-
350 grams. It has a complex internal structure (see Figure 1.1) and functions
as an extremely stable pump, capable of beating 2 to 3 billion times within a
normal lifetime.
The heart is split into two sides, referred to as left and right. The muscular left
heart pumps blood at high pressure, supplying the whole body with oxygen and
nutrients. Meanwhile the right heart works at much lower pressures allowing
the blood to pick up oxygen as it passes through the lungs before returning to
the left side. Each half of the heart is further divided into an atrium and a ven-
tricle. The atria act as entrance halls to the heart, where the blood accumulates
until the atrio-ventricular valves (tricuspid in the right heart, mitral in the left)
open, admitting it into the pumping ventricles.
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Figure 1.1: Diagram of heart anatomy (en.wikipedia.org/wiki/File:Heart_diagram-
en.svg)
LV RV
Pulmonary 
valve
Tricuspid
valve
Mitral valveAortic
valve
Pulmonary vein
Pulmonary vein
Pulmonary 
artery
Figure 1.2: Schematic diagram showing the blood flow through the heart. LV =
left ventricle, RV = right ventricle, LA = left atrium, RA = right atrium.
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In total there are four valves found within the heart which are all vital to its
function - without them the heart would not be able to produce pressure and
hence no blood would be pumped. The valves work passively, the pressure of
blood in one or the other direction working to open or close them as neces-
sary. The tricuspid and mitral valves separate the right and left atria from their
respective ventricles, opening as the ventricles relax (to allow the entrance of
fresh blood ready to be pumped in the next contraction) and then closing as the
ventricles contract (stopping the blood from returning into the atria). As the tri-
cuspid and mitral valves close, the pulmonary and aortic valves open, directing
the blood from the right ventricle (RV) into the pulmonary artery (which carries
it to the lungs) and from the left ventricle (LV) into the aorta (from which it is
distributed around the body). A schematic diagram showing the path of blood
through the circulatory system is shown in Figure 1.2. In order to pump the
blood around this path, the heart has evolved a complicated muscle structure,
which is described in the following section.
1.1.2 Muscle structure
1.1.2.1 Myocytes
Muscle is composed of cells known as myocytes which contract in a single di-
rection (see Figure 1.3). In compacted muscle within the heart, these myocytes
are collected into muscle fibres, with all myocytes within a fibre having a sim-
ilar orientation. The contraction and relaxation of myocytes is driven by their
polarisation and depolarisation.
The polarisation of cells is determined by the concentration of positive ions
within them. This is in turn controlled by ion pumps (which actively remove
specific ions from the cell), and ion channels in the cell membrane (which can
selectively allow specific ions to pass into, or out of, the cell and which can
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Figure 1.3: A single, contracted, myocyte (uncontracted outline shown in
black). Myocytes contract in a single direction (here left to right) while simul-
taneously thickening in the other directions. In this case the cell contracts by
around 14% while counter thickening by around 7% of its diameter (from Pro-
fessor Sian Harding, Imperial College).
Sodium channels
open
Calcium channels
open
Contraction starts
at peak calcium level
Voltage (V)
Calcium level
Contraction
dV/dt
Depolarisation Repolarisation
Figure 1.4: Diagram showing voltage across cell membranes, calcium levels and
myocyte contraction through the cardiac cycle.
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be open or closed depending on the voltage across the cell membrane). The
ions involved in the polarisation of cells are sodium (Na+), calcium (Ca2+) and
potassium (K+).
At rest Na+ and Ca2+ have a greater concentration outside the cell than inside,
whereas for K+ the opposite is true. This causes a resting voltage of -80 to -
90mV across the cell membrane. At resting voltage levels, the K+ channels are
open, allowing K+ ions to move across the cell membrane, while ion pumps
remove Na+ and Ca2+ from the cell. Two opposing forces act on the potassium
ions: the electrical repulsion of other positively charged ions outside the cell
pushes K+ ions into the cell, while the higher concentration of K+ inside the
cell forms a concentration gradient which acts to repel incoming K+ ions. In
normal ventricular cells, a state of K+ equilibrium is reached at resting voltage,
which persists until an external stimulus is provided.
At certain sites within the heart there exist pacing cells in which the voltage
slowly increases (the mechanism of this increase is not fully understood). When
the voltage in these cells reaches -70mV the sodium channels open, leading to
rapid influx of Na+ into the cell. This influx increases the voltage further until
the calcium channels also open. This process is known as depolarisation. As
well as changing the voltage in the cell, the calcium ions drive the cell con-
traction. The increased level of positive calcium and sodium within the cell
changes the potassium equilibrium level, forcing K+ ions out of the cell. After
contraction the calcium and sodium channels close again and the pumps begin
removing Na+ and Ca2+ from inside the cell, while the potassium slowly re-
turns into the cell - this is known as re-polarisation. The timing of this process
can be seen in Figure 1.4.
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Figure 1.5: Detailed drawings of the dissection of an ovine left ventri-
cle. As layers of muscle are stripped away, the general orientation of mus-
cle fibres can be seen to change (dotted lines). From Pettigrew (1864)
(http://www.jstor.org/stable/108877?seq=57) - dotted lines added.
1.1.2.2 Left ventricle
The LV is the main pumping chamber of the heart and therefore has the thickest
walls (around 8 to 10 mm). It has an approximately circular cross section which
is largest at base and reduces towards the apex. The walls are mostly made of
compacted muscle, with a small amount of trabeculation (fibrous muscle tis-
sue separate from the myocardial wall). To produce the complicated motion of
the heart from muscle fibres contracting in a single direction requires a compli-
cated fibre organisation. As can be seen in Figure 1.5, the fibres are effectively
arranged in a sheet which wraps around the LV forming several layers of muscle
- the outer epicardium, the thick myocardium and the inner epicardium. In a
short axis view, the direction of general fibre orientation changes from around
−70o at epicardium to +70o at endocardium (angles measured relative to the
circumferential axis) (Sands et al., 2008). It is this arrangement which allows
the LV to contract as it does purely from the shortening of myocytes. The inner
and outer layers provide shortening in a longitudinal direction, whilst the mid-
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dle layer allows simultaneous circumferential shortening, reducing the cross
sectional area of the LV cavity.
1.1.2.3 Right ventricle
The RV works at much lower pressures than the LV and hence the compacted
muscle layer in the RV free wall is much thinner than in the LV (around 4mm
wall thickness), with a larger amount of trabeculated muscle. Although its ge-
ometry is more asymmetrical than the left ventricle (it forms a crescent moon
shape in cross section) it similarly has its largest cross section at base.
The structure of the left and right ventricles as described above allows the heart
to pump blood efficiently. However the timing of the contraction of the cham-
bers of the heart is also vital to its performance and is explained in the following
section.
1.1.3 Function
Figure 1.6 shows a Wiggers diagram which relates the timing of pressure, vol-
ume and electrical changes through the heart cycle. The time evolutions of
aortic, atrial, and ventricular pressure, ventricular volume, the ECG and the
phonocardiogram (recording of heart sounds) are shown and the various stages
of the heart cycle are marked. Systole and diastole are broadly defined as the
periods of LV contraction and relaxation respectively. The shapes of the curves
are explained in the following sections.
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Figure 1.6: Wiggers Diagram showing the time evolution of pressure, vol-
ume, electrocardiogram (ECG) and phonocardiogram through the cardiac cycle
(en.wikipedia.org/wiki/File:Wiggers_Diagram.svg)
1.1.3.1 Electrocardiogram
The electrocardiogram measures the electrical activity of the heart muscle using
electrodes placed on the skin. The ECG detects and amplifies the electrical
changes that occur on the skin due to the polarisation and depolarisation of
myocytes (see Section 1.1.2.1) within the heart muscle during the heart cycle.
The depolarisation of pacing cells causes an injection of ions into neighbouring
cells, providing the external stimulus for normal ventricular cells to depolarise
and contract. This sets off a chain reaction, causing a wave of polarisation and
contraction throughout the heart muscle. However a contraction which simply
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1.   Sinoatrial node
2.   Atrioventricular node
3.   Bundle of His
4.   Left bundle branch
5.   Left posterior fascicle
6.   Left anterior fascicle
7.   Left ventricle
8.   Ventricular septum
9.   Right ventricle
10. Right bundle branch 
Figure 1.7: Conduction system in the heart (modified from
http://en.wikipedia.org/wiki/File:RLS_12blauLeg.png)
spreads symmetrically outwards from pacing sites would not allow the heart to
pump effectively. A series of conduction pathways within the heart transport
the pacing signal quickly from one area of the heart to another, allowing the
heart to transfer blood between its chambers and around the body efficiently.
The primary pacemaker of the heart is an area with a high concentration of
pacing cells known as the sinoatrial node. As can be seen in Figure 1.7, it is
located in the right atrium, explaining why the atria contract before the ven-
tricles. A conduction pathway transfers the signal to the atrioventricular node,
which then delays the signal before passing it on through the bundle of His
into the right and left bundle branches (the left bundle branch further splits in
to anterior and posterior fascicles) and eventually into the myocardium where
waves of contraction are initiated.
This sequence of depolarisation and re-polarisation across the whole heart causes
the changes in electrical activity which are measured on the surface of the body
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by the ECG. The bottom of Figure 1.4 shows the time derivative of the voltage
across a single cell membrane. Comparing with the ECG trace in Figure 1.6,
many similar features can be seen. Specifically the strong QRS complex (as
marked on Figure 1.6) is caused by the rapid depolarisation of the many ven-
tricular cells, while their slower re-polarisation causes the smaller T-wave. The
smaller atria contract before the ventricles, causing the small P-wave peak be-
fore the QRS complex. The re-polarisation of the atria is hidden by the stronger
QRS complex. The timing and magnitude of these features can be used to infer
a lot about how the heart is functioning globally.
1.1.3.2 Phonocardiogram
A phonocardiogram measures the sounds made by the heart. As can be seen
in Figure 1.6 the two main heart sounds coincide with the closing of the mitral
and aortic valves. The presence of abnormal heart sounds can indicate valvular
problems, while comparison with simultaneous ECGmeasurement can provide
other useful information about global heart function.
1.1.3.3 Mechanics
The pressures and volume shown in Figure 1.6 are closely linked with the me-
chanics of the contracting chambers of the heart. The heartbeat is generally con-
sidered to start at the beginning of ventricular systole, however linking with the
above discussion of electrophysiology it is clearer to start at the initial pacing
of the heart which occurs just before atrial systole (marked P on the ECG trace).
Contraction is triggered from the sinoatrial node which is situated at the top of
the right atrium (see Figure 1.7) so the atria contract first, causing the P wave in
the ECG and forcing blood into the ventricles. Since the aortic and pulmonary
valves are closed, this increases the volume in the ventricles. The contraction of
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the left atrium accounts for about 20-30% of left ventricular filling in healthy
hearts (Leong et al., 2010). While the atria contract the propagation of the elec-
trical signal is delayed at the atrioventricular node which allows the blood to
flow into the ventricles before they start to contract. This accounts for the flat
section of the ECG between P and Q.
When the ventricles begin to contract the mitral and tricuspid valves are forced
closed by the backwards pressure of the blood, causing the first heart sound on
the phonocardiogram. This marks the beginning of ventricular systole (often
referred to simply as systole). There is a short period of isovolumic contraction
during which the pressure in the ventricles sharply increases until the aortic
and pulmonary valves are forced open and then blood can escape. The ventric-
ular contraction occurs earliest at the apex and in the longitudinal direction,
with the base being pulled down towards the apex. Radial contraction also oc-
curs in the LV, reducing the cross-sectional area and maximising the amount of
blood that is ejected.
Once the ventricles have contracted, the aortic and pulmonary valves close,
leading to the second heart sound, and the beginning of ventricular diastole.
Meanwhile the ventricular myocytes are re-polarising and relaxing, leading to
the T wave on the ECG. A short period of isovolumic relaxation occurs dur-
ing which the pressure in the ventricles drops sharply until the pressure in the
atria (which are filling with blood delivered from the pulmonary veins and ve-
nae cavae) is enough to force open the mitral and tricuspid valves. Then follows
a period of rapid inflow of blood into the ventricles. During this rapid inflow,
the ventricles relax. Again the majority of the relaxation occurs in the longi-
tudinal direction and is stronger at base than at apex. The cross section of the
ventricles increases and the left ventricle also twists with opposite directions of
circumferential motion occurring at base and apex.
Once the ventricles have relaxed the heart is primed for the next heart beat to
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begin and a period of rest occurs which is known as diastasis. Diastasis lasts
until the next heart beat is stimulated by the pacing cells in the sinoatrial node,
at which point the process begins again.
1.1.4 The importance of measuring cardiac function
The normal functioning of the heart is a complicated process with electrophys-
iology, muscle structure, anatomy, blood flow and valve mechanics all having
vital roles to play in order for the heart to pump effectively. It is therefore not
surprising that heart disease is very common. In fact diseases of the heart and
circulatory system are the main cause of death in the UK, accounting for al-
most 191000 deaths each year - one in three of all deaths. It is also the most
common cause of premature death (death before the age of 75), accounting for
28% of those in men and 20% in women. As well as the obvious human cost
of heart disease, it also has major economic consequences. In the UK in 2006,
heart disease cost the NHS £14.4 billion. This is without taking into account
the economic cost of illness in those of working age. The above statistics are
from the British Heart Foundation coronary heart disease statistics report, 2010
(Scarborough et al., 2010).
The benefits of being able to detect abnormal heart function are obvious, po-
tentially allowing diagnosis and follow of up many cardiac diseases. Several
parameters of heart function are commonly used to make an assessment and
they are each discussed in detail in the next section.
1.2 Global measures of cardiac function
Global ventricular function is commonly assessed by measuring left ventricu-
lar volumes. There are several methods available to do this. Some methods
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Figure 1.8: Dimensions used to calculate left ventricular volumes: (a) Horizon-
tal long axis (four chamber) view. (b) Vertical long axis (two chamber) view. (c)
Short axis view. (d) Rule of disks.
make large assumptions about ventricular geometry, thereby approximating the
volume with relatively few measurements, while others use fewer geometrical
assumptions to obtain more accurate volume measurements, but require more
initial measurements and hence are more time consuming. However these more
time consuming methods will be much more accurate, particularly in abnormal
hearts where geometric assumptions may be less reliable.
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A very simple method of estimating LV volume is to cube the diameter of the
ventricle imaged in a short axis plane (effectively assuming a cube-shaped cav-
ity). While this is not very accurate as a measure of absolute volume, it requires
only a single measurement and in normal hearts will give a reasonable esti-
mation. A more accurate assumption is to model the LV as an ellipsoid. In
this case, the volume can be estimated from a single four chamber view (see
Figure 1.8 (a)). The cross sectional area (A) can be traced from this view and
the length of the ventricle (L) can be measured. The volume (V) can then be
calculated as
V =
0.85×A2
L
. (1.1)
This approximation can be made more accurate by acquiring both vertical and
horizontal long axis planes (Figure 1.8 (a) and (b)). The two perpendicular areas
(A and B) are measured and the smaller of the two ventricular lengths (Ls) can
then be used in the formula
V =
0.85×A ×B
Ls
(1.2)
These equations are approximations to the volume of an ellipsoid which in gen-
eral is
V =
4
3
piabc (1.3)
where a, b and c are the three axes of the ellipsoid (we will treat c as the common
minor axis i.e. c = L2 ). This can be rewritten
V =
4
3
(piab)(pibc)
pib
(1.4)
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and since pipq is the area of an ellipse with axes p and q we can rewrite this as
V =
4
3
A ×B
pi L2
=
8
3pi
A ×B
L
(1.5)
so
V ≈ 0.85×A ×B
L
. (1.6)
as before.
Finally, the rule of discs can be used to measure ventricular volumes (Fig-
ure 1.8 (c) and (d)). A stack of n contiguous short axis slices of slice thickness
D covering the LV are needed for this calculation. The area of the ith slice (Ai)
is measured and the volume is then calculated by
V =D ×
n∑
i=1
Ai (1.7)
The accuracy of this calculation is determined by the slice thickness (or the
number of slices acquired) and how well the endocardial borders are defined
(similarly for the other methods). The advantage of this technique is that no
geometric assumptions are made and so it can also be applied to abnormal LVs
or to the asymmetrical RV. It is possible to use Simpson’s rule just using a long
and a short axis view (bi-plane Simpson’s rule) although this assumes an ellip-
soidal cross section and so is less accurate than using a stack of slices. While
determination of volumes using Simpson’s rule or volumetric imaging has been
shown to be both highly accurate and highly reproducible (Sakuma et al., 1993),
studies comparing the quicker methods described above with more comprehen-
sive methods such as Simpson’s rule have found poor agreement (Chuang et al.,
2000). For this reason, Simpson’s rule from a stack of slices is widely used to
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assess ventricular volumes using Magnetic Resonance Imaging (MRI) both in
research and in clinical practice.
If the blood pool volume is measured both at end systole and end diastole, the
stroke volume can be calculated as the difference between the two, estimating
the amount of blood which is ejected in each heartbeat. Similarly the ejection
fraction can be calculated as the stroke volume divided by the maximum vol-
ume of each ventricle. LV volume can be used to provide information for selec-
tion of therapies and time of intervention (Bonow et al., 1991; Carabello, 1997;
Pfeffer et al., 1992), and in combination with ejection fraction can be used to
predict prognosis in ischemic and non-ischemic cardiomyopathies (Cohn et al.,
1993; Pfeffer et al., 1992; Wong et al., 1993). Ejection fraction is the most com-
monly used parameter measured during an echocardiogram (Lang et al., 2005),
showing that it is often used as an early indicator for cardiac dysfunction.
By simultaneously measuring the endo- and epicardial borders in a stack of con-
tiguous slices, the ventricular mass can be estimated. This helps to assess the
health of the myocardium, particularly in hypertrophic cardiomyopathy (HCM)
where ventricular mass has been identified as a predictor of cardiac mortality
and morbidity (Lorell and Carabello, 2000).
For each of the above parameters of global ventricular function there are several
imaging modalities which can measure them with various degrees of accuracy.
These modalities and the measurements that they can make are described be-
low.
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Figure 1.9: Example echocardiography apical view
(en.wikipedia.org/wiki/File:Apical_4_chamber_view.gif). The valves and
chambers of the heart are labelled. LV = left ventricle, RV = right ventricle, LA
= left atrium, RA = right atrium, MV = mitral valve, AV = aortic valve, TV =
tricuspid valve.
1.3 Techniques to measure global cardiac
function
1.3.1 Echocardiographic techniques
The basic concept which underpins all echocardiographic techniques is the re-
flection of sound waves from matter. High frequency pressure waves are pro-
duced in a transducer (the frequency of the waves is above 20kHz, which is why
the technique is also known as ultrasound) and reflect from the heart walls or
blood, back to the transducer which detects them. Either a single transducer is
used to scan a single line through the body (A-mode) or a linear array is used to
image a 2D plane (B-mode) (see Figure 1.9).
The time between the emission and detection of the waves is used to infer
the position of the various reflective tissues and hence build up a picture of
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anatomy. A- and B-mode echoes can be used in combination with M-mode
(motion mode) in which a series of pulses are emitted and received in quick
succession to image motion in real time (high temporal resolution is possible
with frame rates of up to 100/second). Spatial resolution is determined sepa-
rately in the axial and lateral directions. Axial resolution is determined by the
wavelength of the acoustic waves whereas lateral resolution is determined by
the width of the beam. Both resolutions are typically of the order of 1mm.
Echocardiographic, or cardiac ultrasound, equipment is relatively cheap and
portable (recently a smartphone compatible ultrasound device was approved by
the FDA for use in the US), and is therefore a widely available imaging modal-
ity. No ionising radiation is used so multiple examinations can be performed,
making it ideal for monitoring disease. However the technique is limited by the
need for clear acoustic windows (ultrasound cannot image through bone) which
leads to poor image quality in around 10% of patients (Sicari et al., 2008). Com-
prehensive assessment of the entire heart is also not possible for this reason.
Echocardiography can be used to measure ventricular volumes with some of
the methods described in Section 1.2. As mentioned above, the accuracy of
the measurement depends on the method used to calculate volumes as well
as the modality used for imaging. For example the ejection fraction measured
in a cohort of 52 patients with the cubic assumption with A-mode was 39 ±
22%, whereas for the same volunteers using B-mode and bi-plane Simpson’s
rule ejection fraction (EF) was 31± 5% (Bellenger et al., 2000).
In general the accuracy of echocardiography measurements of ventricular vol-
umes is not good, with poor delineation of endocardial borders leading to un-
derestimation of volumes (Gutierrez-Chico et al., 2005). More recently it has
become possible to acquire three dimensional images using echocardiography
(allowing the use of Simpson’s rule from a stack of slices). A 2D matrix of
transducers can be used in an obvious extension of the linear array used to
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acquire 2D images. In a systematic review and meta analysis assessing the per-
formance of three-dimensional echo-cardiography to measure ventricular vol-
umes and ejection fraction (Dorosz et al., 2012) the pooled bias for end sys-
tolic volume, end diastolic volume and ejection fraction were −19 ± 34.2ml,
−10.1±29.7ml and −0.6±11.8 % for three-dimensional echo and −48.2±55.9ml,
−27.7±45.7ml and 0.1±13.9 % for two dimensional echo respectively. Three di-
mensional echocardiography is therefore significantly more accurate than two-
dimensional echocardiography for measuring volumes (when compared with
MRI) and more precise for volumes and ejection fractions. However it still has
wide limits of agreement and consistently underestimates ventricular volumes.
Similar conclusions can be drawn about left ventricular mass measurements
with echocardiography. M-mode measurements of LV mass are systematically
overestimated and have wide limits of agreement, while measurements made
with a three dimensional technique were much more accurate, with intraob-
server (two assessments by the same observer, one month apart), interobserver
(two assessments by different observers, one month apart) and test-retest (two
assessments by the same observer, less than 24 hours apart) variabilities of 9%,
12% and 6% respectively (Takeuchi et al., 2008).
1.3.1.1 Tissue Doppler Imaging
A technique within echocardiography which is capable of assessing global LV
function is tissue Doppler imaging (TDI). When waves reflect from a moving
object, their frequency is changed. In TDI, the frequency of reflected waves (f)
is measured and used to infer the velocity of the blood or tissue being imaged
(v) using the formula for the Doppler effect
v = c
(
f0
f
− 1
)
(1.8)
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Figure 1.10: Mitral annulus velocities measured with TDI. From Nagueh et al.
(2009). On the left a healthy example is shown with peak early diastolic ve-
locity (e’) of 14cm/s, whereas this peak is lowered in disease on the right, also
changing the ratio e’/a’.
where c is the velocity of the sound waves and f0 is the emitted frequency.
There are two types of TDI, known as continuous and pulsed. Continuous wave
Doppler has the transducer constantly emitting and receiving waves, allowing
very high temporal resolution. In contrast by sending out short bursts of ultra-
sound waves (pulse wave Doppler), a picture of anatomy can be built up using
the fact that waves reflected far away from the transducer will be detected later
than waves reflected close to the transducer, as with normal M-mode echocar-
diography.
As well as the disadvantages inherent with all echocardiographic techniques,
TDI only measures the component of velocity aligned with the ultrasound beam
and so is highly dependent on the availability of acoustic windows. For continu-
ous wave Doppler the received signal is a sum of all the reflected signals within
the beam and so no depth information can be determined. This is not the case
for pulse wave Doppler, a major advantage. Pulse wave TDI typically has a
temporal resolution of 3-4ms.
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As well as for measuring blood flow velocities, pulsed wave TDI can be used for
measuring the velocity of myocardium as it moves through the cardiac cycle.
The velocity of the mitral annulus is used to assess global ventricular function
(Nagueh et al., 2009). Peak systolic (S), diastolic (D) and late diastolic/atrial
systolic (AS) mitral velocities can be measured, as well as the ratio of diastolic
and atrial diastolic peak velocities (see Figure 1.10). Mitral annular velocities
give information about LV relaxation and can provide information which allows
the prediction of LV filling pressure (Van de Veire et al., 2008).
1.3.1.2 Speckle tracking
A recent development in echocardiography is speckle tracking which uses the
characteristic interference patterns caused by the acoustic waves to track tis-
sue through time (Leitman et al., 2004). While this technique was developed
to measure regional function (see Section 1.5.1.2), the fact that tissue can au-
tomatically be tracked through time has lead to interest in its ability to also
assess global function without time consuming manual segmentation. Another
advantage of this technique is that the speckles caused by the interference are
properties of the tissue being tracked, so that measurements made with speckle
tracking are angle independent. Measurements of LV volumes and EF made
with the technique have shown good correlation with MRI (R=0.95, 0.95 and
0.88 for end diastolic volume, end systolic volume and ejection fraction respec-
tively) and with 3D echocardiography (R = 0.95,0.97 and 0.92), although ejec-
tion fractions showed an 8% underestimation (Nishikage et al., 2009).
1.3.2 Nuclear Cardiology
Nuclear cardiology uses an injection of radioactive isotopes to assess function.
Typically ECG gated acquisitions are carried out, imaging different portions
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of the cardiac cycle over a period of five to ten minutes. Average blood pool
images are then created for different parts of the cardiac cycle and volumes or
ejection fractions are then calculated (typically 16 frames through the cardiac
cycle are reconstructed). This is known as multigated acquisition (MUGA) or
radionuclide ventriculography (RVG).
As well as the radioactive materials, a detector is needed, although mobile
gamma cameras allow the use of nuclear cardiology at bedside. However, the
use of ionising radiation means that repeated scanning is undesirable and since
the volume of blood is measured directly, ventricular masses cannot be mea-
sured.
Despite the disadvantages, RVG is the most widely accepted method of assess-
ing ejection fraction during cancer treatment (Altena et al., 2009) and repro-
ducibility is better than both two dimensional echocardiography and three di-
mensional echocardiography (intra and inter observer variability for 2D echo
was 6.4% and 10.4%, for 3D echo was 3.7% and 8.3% and for MUGA was 2.4
and 3.9% respectively) (de Geus-Oei et al., 2011).
Ventricular volumes and EF can also be measured with gated single photon
emission computed tomography (SPECT). Technetium 99 is injected into the
blood and can be imaged as it is taken up in the myocardium, providing mea-
surements of perfusion. SPECT examinations are not carried out with the sole
purpose of measuring ventricular volumes but ventricular volumes are mea-
sured as an adjunct to a perfusion scan (Manning and Pennell, 2010), showing
very good reproducibility (R=0.99 for end diastolic and end systolic volumes)
(Iskandrian et al., 1998). SPECT images are typically low resolution (around
1cm) and take a long time to acquire (15-20 minutes).
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Figure 1.11: Example short axis CT reformat which can be used to measure
volumes via Simpson’s rule. From Orakzai et al. (2006).
1.3.3 Computed Tomography
Multi detector computed tomography (MDCT) uses a large series of X-ray im-
ages from various angles around a single axis to produce three dimensional
image volumes (see Figure 1.11). Dynamic information is acquired although
with low temporal resolution (around 100-300ms).
Computed tomography uses ionising radiation and potentially harmful con-
trast agents and so volumes are measured with this technique only for addi-
tional dynamic information when patients are undergoing coronary angiogra-
phy. However as set out in an excellent review article, several studies have com-
paredMDCTmeasurements of function with results from other modalities, and
have assessed the reproducibility of the technique (Orakzai et al., 2006).
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A strong correlation has been found in 52 patients for measurements of end-
systolic volume, end-diastolic volume, ejection fraction and myocardial mass
between MDCT and MRI (R>0.66 for all, average differences 10.6ml, 15.1ml,
1.8% and 8.2g respectively) (Heuschmid et al., 2006) and good agreement was
also found in another study of 50 patients (1.1 ± 8.6ml R=0.99, −0.35 ± 15.2ml
R=0.97, −1.2±4.6% R=0.96 and 2.5±15.0ml R=0.96 respectively in 50 patients
(Yamamuro et al., 2005)). Comparisons have also been made with echocardio-
graphy showing good agreement with 2D echo for measurements of ejection
fraction (R=0.96, mean difference −0.02±3.9%) in forty five patients with coro-
nary disease (Schuijf et al., 2005).
Interobserver variability for measuring end-systolic volume, end diastolic vol-
ume, ejection fraction and myocardial mass was 7.0%, 6.9%, 5.7% and 9.3% re-
spectively in forty one patients (Yamamuro et al., 2005). Since volumetric imag-
ing is performed, reproducibility was still high in patients with LV dysfunction
or dilatation where two dimensional techniques would potentially have to use
inaccurate geometrical assumptions (Orakzai et al., 2006).
1.3.4 Magnetic Resonance
MRI uses the fact that hydrogen nuclei are spin 12 particles and hence have
magnetic moment
µ =
e
2m
S (1.9)
where e is the charge on an electron, m is the mass of the hydrogen nucleus
and S is the spin angular momentum. When an external magnetic field B is
applied (field strength B0), the spins align either parallel or anti-parallel with
the field lines (spin up or spin down states). Since the parallel state has slightly
lower energy, more align parallel than anti-parallel leading to a net magnetisa-
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tion in the direction of the field. A semi classical picture is generally used to
describe MRI within which the spin angular momentum causes a torque τ on
the hydrogen atom
τ = µ×B (1.10)
causing precession around the magnetic field direction at the Larmor frequency
(ν)
ν =
γB
2pi
(1.11)
where γ is the gyromagnetic ratio ( e2m ). The frequency of precession is propor-
tional to the field strength so by applying additional magnetic field gradients,
the frequency of precession can be made to be dependent on position in the
scanner. By measuring the strength of signal with different frequencies of pre-
cession, the relative density of spins at different positions along a linear gra-
dient can be inferred. In this way an image can be produced. With different
combinations of linear gradients and radio-frequency pulses, the spins can be
manipulated in many ways, allowing Magnetic Resonance (MR) the greatest
flexibility and versatility of all the imaging modalities discussed. No ionising
radiation is used which allows repeated scanning to be performed, and the tech-
nique is not limited by acoustic windows allowing comprehensive assessment
of the entire heart.
In order to create an accurate image, a strong but highly homogeneous mag-
netic field is needed. An MR scanner capable of producing this field is large
and expensive and so MR is not widely available or portable. MR collects data
by moving through k-space, acquiring different spatial frequencies. This is a
slow method of acquiring data which makes real time imaging difficult; un-
like echocardiography, the majority of cine images acquired with MR are re-
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constructed from data acquired over several heartbeats. The accuracy of mea-
surements can therefore be affected by a variable heart rate. It also means that
an MR examination tends to take longer than an equivalent echocardiography
exam.
The accuracy of MRImeasurements of ventricular volumes has been established
for some time and MR is now considered the reference standard for measuring
global cardiac function non-invasively. Simpson’s rule applied to a high reso-
lution stack of slices (0.8 x 0.8 x 10mm) acquired in 15 excised left ventricles
showed excellent accuracy for measurements of volume (R=0.997) (Rehr et al.,
1985) and similar accuracy has been shown in vivo (Longmore et al., 1985). The
interstudy reproducibility is also excellent, as shown in a study of 20 healthy
subjects, 20 patients with heart failure and 20 patients with hypertrophy where
the coefficient of variabilities of end-systolic volume, ejection fraction and ven-
tricular mass were significantly better than that of 2D echocardiography (4.4%
to 9.2% vs 13.7% to 20.3%, p <0.001 for end systolic volume, 2.4% to 7.3% vs
8.6% to 19.4%, p <0.001 for ejection fraction, 2.8% to 4.8% vs 11.6% to 15.7%
p <0.001 for mass) with a trend for end diastolic volume (2.9% to 4.9% vs 5.5%
to 10.5%, p = 0.17) (Grothues et al., 2002).
Because of the flexibility of MRI it can also be used to measure right ventric-
ular volumes. Reproducibility of RV measurements from short axis slices is
good (14.1% for end systolic volume, 6.2% for end-diastolic volume, 8.3% for
ejection fraction and 8.7% for RV mass) (Grothues et al., 2004) which allows
measurement of left and right ventricular volumes from a single dataset.
1.3.5 Limitations of global measures of cardiac function
Although global measures of cardiac function can clearly be affected by pathol-
ogy, in the early stages of disease regional wall motion may be abnormal while
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global function remains within the normal range. This could either be due to
compensatory motion of other regions, or because the regional effect is too small
to significantly alter global function.
For this reason, several of the above imaging modalities have been developed
to measure regional heart function. This obviously requires higher spatial res-
olution than is necessary to estimate global function, and often complicated
post processing is necessary. The parameters used to characterise regional wall
motion are described in the following section.
1.4 Regional measures of cardiac function
Before discussing the assessment of regional wall motion it is necessary to de-
scribe how the myocardium of the left ventricle can be consistently split into
separate regions.
1.4.1 Segmentation
In 2002 the American Heart Association (AHA) produced a scientific statement
which aimed to provide a method for regional myocardial segmentation which
could be applied across different imaging modalities (Cerqueira et al., 2002).
The result was the 17 segment model of the LV which can be seen in Figure 1.12,
along with a mid-ventricular short axis slice. This model splits the LV into three
levels along the long axis (basal, mid and apical). The basal and mid levels are
further split into 6 sections (1-6 and 7-12), whereas the smaller apical level is
split into four (13-16). The 17th segment is the apical cap.
Segmentation of the RV is more difficult because of its assymmetric shape and
the thinness of the free wall. Consequently there is as yet no corresponding
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1. basal anterior
2. basal anteroseptal
3. basal inferoseptal
4. basal inferior
5. basal inferolateral
6. basal anterolateral
 
 7. mid anterior
 8. mid anteroseptal
 9. mid inferoseptal
10. mid inferior
11. mid inferolateral
12. mid anterolateral
13. apical anterior
14. apical septal
15. apical inferior
16. apical lateral
17. apex
Figure 1.12: The AHA 17 segment model
scientific statement for segmentation of the RV.
1.4.2 Parameters
There are various qualitative and quantitative parameters which can be used
to characterise motion. Regional function can be assessed qualitatively using
wall motion scores. The motion of the myocardium in each segment can be
compared visually with normal motion and areas of abnormal motion can be
identified. In conjunction with a low dose of stress agent this can be used to
detect viable myocardium (Dendale et al., 1995), while a high dose of agent can
be used to detect ischemia (Nagel et al., 1999). However qualitative parameters
are highly observer dependent and therefore not ideal for measuring function.
Quantitatively there are several parameters which can be measured directly.
The most basic of these is tissue displacement which can be measured by tech-
niques within echocardiography (speckle tracking) andMRI (tagging andDENSE).
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Recently speckle tracking algorithms developed for echocardiography have also
been applied to images acquired withMRI (feature tracking) (Maret et al., 2009)
although it is not clear whether this is valid as the speckles which arise in
echocardiography are not found in MRI. Velocities can also be measured di-
rectly both by echocardiography (Tissue Doppler Imaging) and MRI (phase ve-
locity mapping), allowing regional measurements of peak and time to peak ve-
locities which can characterise both healthy and diseased motion. With these
parameters care must be taken to separate bulk motion from regional motion
of the myocardium.
Strain and strain rate are derived quantitative parameters which can be used to
analyse active contraction and relaxation of the myocardium. The definitions
of strain and strain-rate are to be found in the following sections.
1.4.2.1 Strain
Strain is a measure of deformation and is defined as the fractional change in
length of an object relative to its original length. Unlike displacement, strain
measures relative motion between two areas of the myocardium and hence can
distinguish between active and passive motion. It can be defined in either the
Lagrangian or Eulerian frames of reference. In the Lagrangian frame of refer-
ence, one dimensional strain at time t (EL(t)) is defined as
EL(t) =
L(t)− L(0)
L(0)
(1.12)
where L(t) is the length of the object at time t and requires knowledge of the
original length L(0) which is constant over time. Alternatively, Eulerian (or
natural) strain (EE) can be defined as the integral of the instantaneous Eulerian
strain (dEE), i.e.
Chapter 1. Background 53
EE(t) =
∫
dEE(t) (1.13)
where the instantaneous Eulerian strain is defined as the infinitesimally small
amount of deformation occurring over an infinitesimally small time interval dt,
i.e.
dEE(t) =
L(t + dt)− L(t)
L(t)
(1.14)
In this formulation, the reference length is the length at the time of measure-
ment (which varies with the time of measurement). For Lagrangian strain, dis-
placements are calculated at specific material points in the myocardium using
the deforming myocardium itself as a reference, while for Eulerian strain the
reference frame is fixed in space. Lagrangian strain represents the tissue strain
at a specific location in the myocardium (at a material point) which moves as
the heart contracts while Eulerian strain represents the tissue strain at a specific
location in space.
The coordinate systems used are referred to as material and spatial coordinate
systems respectively. In practical terms, this difference in reference frame and
co-ordinate systemmeans that a positive Eulerian strain will be smaller than the
Lagrangian equivalent and conversely a negative Eulerian strain will be larger
than the Lagrangian equivalent.
1.4.2.2 Strain-rate
Strain-rate (E˙) is the time derivative of strain. Hence it similarly can distinguish
between active and passive motion. The equation for strain rate is
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Figure 1.13: The radial-circumferential-longitudinal and Principal coordinate
systems. Reproduced with permission from (Simpson et al., 2013b).
E˙ =
dE
dt
=
d
dt
(
L(t)− L(0)
L(0)
)
=
1
L(0)
dL(t)
dt
=
v2 − v1
L(0)
(1.15)
where v1 and v2 are the velocities at each end of L, and so can be derived from
velocity measurements.
1.4.3 Co-ordinate systems
As well as segmenting the myocardium into different regions, a coordinate sys-
tem needs to be defined so that the three directional motion of the heart can be
split into components for analysis or visualisation.
1.4.3.1 Left Ventricle
There are two main coordinate systems that are used to describe motion in the
LV: the radial-circumferential-longitudinal (RCL) and the Principal systems.
They are described below and can be seen in Figure 1.13.
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1.4.3.1.1 Radial-Circumferential-Longitudinal The RCL coordinate system
uses the long and short axes of the LV to define a cylindrical coordinate system.
The longitudinal direction is aligned with the long axis, while polar coordinates
are used to define the radial and circumferential directions in the perpendicu-
lar short axis plane. For example, thickening of the myocardium in the radial
direction can clearly be seen between diastole and systole in Figure 1.13.
1.4.3.1.2 Principal The Principal coordinate system is mostly used to de-
compose three dimensional strain (see Section 1.4.2.1) into three components.
The first direction (P1) is defined as the direction in which the greatest length in-
crease occurs (corresponding to the maximum positive strain). As can be seen
in Figure 1.13 this is likely to be perpendicular to the general orientation of
muscle fibres (as fibres contract they get shorter and fatter). The second prin-
cipal direction (P2) is defined as the direction of greatest length decrease and
is therefore likely to lie parallel to fibre orientation. The third direction (P3)
is defined as orthogonal to the first two. This relationship between principal
directions and fibre orientation mean that this coordinate system is sometimes
referred to as the ‘Fibre-Cross-Fibre’ system.
1.4.3.2 Right Ventricle
It is clear that the RCL system cannot directly be used for the RV (for example
there is no obvious way to define a radial direction). However the longitudinal
axis of the heart can be used to define one direction, with the remaining motion
being decomposed into the components parallel and perpendicular to the RV
free wall at each point (analogous to radial and circumferential directions in
the LV).
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1.5 Methods of measuring regional cardiac
function
In order tomeasure regional cardiac function higher spatial resolution is needed
than for global measures. Hence there are fewer modalities that can be used to
assess regional function than there are for global measures of function - only
echocardiographic and magnetic resonance techniques are used to make quan-
titative measurements, although wall motion scores from gated SPECT have
been shown to independently predict cardiac death in a large cohort of patients
(Kapetanopoulos et al., 2007).
1.5.1 Echocardiography
1.5.1.1 Tissue Doppler Imaging
As explained in Section 1.3.1.1, TDI is used to measure the velocity of blood
or tissue. While measuring mitral annulus velocities gives information about
global function, regional myocardial velocities can also be assessed (Van de
Veire et al., 2008). However only portions of the myocardium which can be
accessed through the available acoustic windows can be assessed, which limits
how comprehensive TDI can be for measuring regional myocardial velocities
over the entire ventricle.
There are two modes of TDI which can be used; pulsed wave or colour-coded
(Sutherland et al., 1993). Pulsed-wave TDI measures the velocity of a single
spatial volume over time, while colour-coded TDI superimposes colour-coded
velocities onto 2 dimensional grey-scale images. Velocity-time curves can then
be extracted from any position in the image. While colour-coded TDI velocities
underestimate velocities when compared with pulsed wave velocities measured
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Figure 1.14: Septal (yellow) and lateral (green) velocities measured with TDI
showing intraventricular dyssynchrony. From Van de Veire et al. (2008).
in the same segment by 10-20% (Kukulski et al., 2000), the ability to measure
velocities over a large portion of the LV in a single scan significantly reduces
imaging time.
A study on 60 patients found that a peak systolic velocity less than 5.5cm/s was
96% sensitive and 81% specific at detecting abnormal segments of myocardium
(Katz et al., 1997). Regional myocardial velocities measured with TDI have
been used to analyse intra-ventricular dyssynchrony in order to predict the
response to cardiac resynchronisation therapy (see Figure 1.14); significantly
higher dyssynchrony was found in responders when compared with that found
in non-responders (87 ± 49ms vs. 35 ± 20 ms, p < 0.01) (Bax et al., 2004). The
detection of myocardial contraction and relaxation abnormalities with TDI in
preclinical diagnosis of cardiomyopathy also shows great promise for future
understanding of preclinical changes in structure and function in these condi-
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Figure 1.15: Displacement measured with speckle tracking. Green dots indicate
the positions of speckles at one time point, red speckles indicate the positions
of speckles at a later time point (left). Displacement between pairs of red and
green dots can then be measured (right) and velocity or strain can then be cal-
culated. FR = frame rate. From Leitman et al. (2004)
tions (De Backer et al., 2005; Nagueh et al., 2001).
TDI can also be used to calculate strain-rate (Stoylen et al., 1999) via the spa-
tial gradient of measured velocities (i.e. Equation 1.15). These strain-rates can
then be integrated over time to produce strain measurements (Urheim et al.,
2000), although the propagation of errors through the integration can lead to
unreliable results. Strain-rates measured with TDI have been shown to be su-
perior to simple velocity measurements for detecting inducible ischemia under
dobutamine stress (Voigt et al., 2004) and can potentially differentiate between
hypertrophy caused by hypertension and hypertrophy caused by HCM (Kato
et al., 2004).
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1.5.1.2 Speckle tracking
Although speckle tracking can be used to measure LV volumes and hence cal-
culate global parameters of motion (see Section 1.3.1.2), its main strength lies
in its ability to quickly calculate regional strain values. The distance between
speckles can be measured at a series of time points and so the Lagrangian
strain of the tissue between them can be calculated using Equation 1.12 (see
Figure 1.15). Speckle tracking is performed by manually delineating the en-
docardial border, which is then tracked automatically. The changing distances
between tracked points are used to calculate strain.
Speckle tracking has been used to quantify abnormalities in contraction for
patients undergoing cardiac resynchronisation therapy (Gorcsan and Tanaka,
2011). It has also been found to be superior to both 2D echo and TDI for assess-
ing myocardial viability (Hoffmann et al., 2002) and it shows potential for mea-
suring left ventricular torsion, showing good correlation with sonomicrometry
(R=0.94, p<0.001) (Helle-Valle et al., 2005). Initial experiments with speckle
tracking show that it is a promising technique for future analysis of regional
myocardial mechanics, however it has not yet been accepted as a clinical tech-
nique (Van de Veire et al., 2008).
Despite the high temporal resolution and availability of echocardiographic tech-
niques, their use for measuring regional myocardial mechanics will always be
limited by the fact that they cannot comprehensively measure three directional
velocities over the entire ventricle. TDI can only measure velocities parallel to
the direction of the transducer and while this is not the case for strain mea-
sured by speckle tracking, the technique is still restricted to those areas of the
ventricle which can be seen through acoustic windows.
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1.5.2 Magnetic Resonance Imaging
Unlike echocardiographic techniques, MRI is not limited to acoustic windows
and so has the potential to comprehensively measure myocardial mechanics
over the whole heart. There are four main techniques within MRI which are
capable of providing regional information about myocardial motion. These
are tissue tagging, phase velocity mapping (PVM), displacement encoding with
stimulated echoes (DENSE) and strain-encoded imaging (SENC). The four tech-
niques are explained in detail in Chapter 2. The explanation concentrates mostly
on sequence design, describing the initial implementations of the techniques,
as well as technical developments in the following years. Validation and any
clinical applications are also described.
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MR methods of measuring regional
myocardial mechanics
Much of this Chapter is based on the extensive review article Simpson et al.
(2013b), published in the Journal of Magnetic Resonance Imaging as part of
this project. The sequences for the four methods within MR which can be used
to measure regional myocardial mechanics (tissue tagging, phase velocity map-
ping, DENSE and SENC) are described in detail. A summary of the main vali-
dation and clinical application studies is then presented to show the potential
of each technique. The techniques are then compared with each other to high-
light their strengths and weaknesses. Definitions for the parameters which are
used to measure regional mechanics can be found in Section 1.4.
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2.1 Tissue tagging
2.1.1 Introduction
Tissue tagging techniques for the assessment of myocardial motion were first
developed more than 20 years ago (Axel and Dougherty, 1989; Zerhouni et al.,
1988). They consist of a preparation (or encoding) phase where lines or a grid
of magnetic saturation (tags) are imposed on the myocardium at one time point
(usually immediately after the R wave) followed by an imaging phase which
shows the deformation of the tags through the cardiac cycle. While visually
appealing, the quantitative analysis of the tag deformation is complicated and
can require time consuming post processing, although more recent phase based
analysis techniques have greatly speeded up the process.
Tissue tagging has been used extensively in a clinical context and is currently
the most widely applied MR assessment of regional myocardial function. It has
been shown to have potential clinical application for many conditions includ-
ing coronary artery disease (CAD) (Edvardsen et al., 2006a; Kraitchman et al.,
2003; Rosen et al., 2006b), myocardial infarction (Kramer et al., 1993; Marcus
et al., 1997; Nagel et al., 2000b), dilated cardiomyopathy (DCM) (Kanzaki et al.,
2006; Nelson et al., 2000; Young et al., 2001), HCM (Ennis et al., 2003; Rüssel
et al., 2011; Young et al., 1994), LV hypertrophy (Edvardsen et al., 2006b) and
ventricular dyssynchrony (Nelson et al., 2000).
2.1.2 Sequence design
The first tagging implementation used slice-selective radio frequency (RF) pulses
to selectively saturate a few parallel bands in the heart followed by imaging in
systole (Zerhouni et al., 1988). Subsequently, a 1-1 spatial modulation of mag-
netisation (SPAMM) preparation (Axel and Dougherty, 1989) was developed
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Figure 2.1: Top: Tagging sequence diagram showing 1-1 SPAMM tagging prepa-
ration (encoding) followed by a standard imaging sequence. Bottom: Tagged
images at progressively later times after the R-wave. The tags deform with the
myocardium but also fade through time. GENC=encoding gradient,GC=crusher
gradient, ADC=analogue to digital converter. Reproduced with permission
from Simpson et al. (2013b).
to efficiently saturate parallel planes throughout the imaging volume and was
combined with a cine imaging sequence (see Figure 2.1) so that the deformation
of these saturated planes (or tags) could be visualized throughout the cardiac
cycle. 1-1 refers to the fact that both RF pulses in the preparation module have
the same flip angle, which for initial implementations was 45 degrees (result-
ing in a total flip angle of 90 degrees). In SPAMM, some (or in the case of a 90o
pulse, all) of the longitudinal magnetisation is tipped into the transverse plane,
sinusoidally modulated by an encoding gradient along the readout direction,
GENC , then tipped back into the longitudinal direction. Immediately after the
SPAMM preparation (at t=0), the longitudinal magnetization, M, varies as a
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function of distance, x, along the direction of the encoding gradient
M(x,t = 0) =M0cos(kENCx) (2.1)
whereM0 is the equilibrium longitudinal magnetization, kENC = γ
∫
GENC(t)dt,
where
∫
GENC(t)dt is the area under the gradient lobe (the zeroth moment) and
γ is the gyromagnetic ratio.
The tag separation is determined by GENC , and is typically 4-8mm. During
the cardiac cycle, the signal in the tag lines increases due to T1 recovery. The
longitudinal magnetisation at time t can therefore be expressed as:
M(x,t) =M0cos(kENCx)e
− tT1 +M0(1− e−
t
T1 ) (2.2)
The resulting tag fading generally limits the use of tagging to the first two thirds
of the cardiac cycle, although longer T1 times at higher magnetic field strengths
increase tag persistence and allow tagging to be used over a greater portion of
the cardiac cycle (Gutberlet et al., 2005; Kramer et al., 2006).
By using a series of RF pulses with relative amplitudes distributed according
to binomial coefficients (high-order SPAMM), sharper tags are possible, which
are easier to analyse (Axel and Dougherty, 1989). The density of the tags can
also be made variable, allowing more sensitive motion estimation (McVeigh and
Bolster, 1998). An alternative tagging scheme uses delays alternating with nuta-
tions for tailored excitation (DANTE) tagging (Mosher and Smith, 1990) which
allows greater flexibility in the tag specification than SPAMM. However, all of
these techniques need a longer preparation time than the original 1-1 SPAMM.
A tagging scheme producing radial tags (perhaps a more natural tag geometry
for the left ventricle) has also been developed (Bolster et al., 1990; Nasiraei-
Moghaddam and Finn, 2013) but not widely applied, possibly due to the long
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encoding modules (although the more recent work has reduced this issue) and
complicated post processing.
2.1.3 Developments
2.1.3.1 C-SPAMM
Complementary SPAMM (C-SPAMM) (Fischer et al., 1993) was developed to
improve tag contrast. A conventional 1-1 SPAMM acquisition using 90o RF
pulses is followed by one where the second RF pulse in the tagging preparation
is inverted. By subtracting the two datasets, the non-modulated magnetization
resulting from T1 recovery is removed and the tag contrast is greatly improved,
which allows more of the cardiac cycle to be analysed, although the scan time is
doubled. An incrementing flip angle in the imaging module further improves
tag contrast through the cardiac cycle.
2.1.3.2 Imaging variants
Tag preparation can be used with a variety of imaging sequences to enable 2D
motion assessment in a single breath-hold. While the most commonly used
sequence is segmented gradient echo (Shehata et al., 2009), balanced steady
state free precession (bSSFP) has been implemented and has been shown to in-
crease signal-to-noise ratio (SNR), contrast-to-noise ratio (CNR) and tag persis-
tence (Herzka et al., 2003; Markl et al., 2004; Zwanenburg et al., 2003). Spiral
imaging (Ryf et al., 2004a), echo-planar imaging (EPI) with incremental flip an-
gles (Sampath et al., 2003) and undersampled projection reconstruction (Peters
et al., 2001) have also been used and typically result in increased SNR at the
expense of some artefact.
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As with all imaging techniques, there is a trade-off between spatial resolution,
temporal resolution and acquisition duration. Typical parameters for a SPAMM
tagged acquisition are 1.6 × 1.6mm spatial resolution and 32ms temporal reso-
lution acquired in a fourteen heartbeat breath-hold (Rosen et al., 2006a). Par-
allel imaging has also been applied to allow tagged acquisitions in as little as
five cardiac cycles (Pai and Axel, 2006) at the expense of SNR. For higher spa-
tial and temporal resolution, free breathing studies with navigator gating have
been performed (Pai and Axel, 2006). At 3T images have increased SNR (103%)
and CNR (19%) (Gutberlet et al., 2005), with the increased myocardial T1 also
resulting in increased tag persistence.
2.1.3.3 3D
The motion of the myocardium is three-dimensional and measuring deforma-
tion within a single 2D image plane ignores any through-plane motion. Slice-
following techniques have been proposed to deal with this problem (Fischer
et al., 1994; Rogers et al., 1991) and work by saturating slices either side of
the tagged slice of interest and increasing the imaging slice thickness so that
it encompasses the tagged slice at the extremes of its motion. However, a 3D
model of cardiac motion is required if the full motion of the myocardium is to
be analysed. This has been achieved using a fully 3D tagged dataset, acquired
during a series of breath-holds over 30-40 minutes (Ryf et al., 2002), but the
usual method is to combine short and long axis tagged images and interpolate
to build a 3D displacement field (Young et al., 1994).
2.1.4 Image analysis
While tagged images are visually appealing and allow an immediate qualita-
tive estimate of myocardial motion, quantitative analysis may be complicated
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and time consuming. The main stages of analysis of tagged images, as out-
lined in the detailed review of tagging by Axel et al. (2005), are image prepara-
tion, boundary surface extraction (segmentation), tag tracking and 3D motion
reconstruction. The tag tracking is performed by tracking the dark tag lines
or intersections as intensity minima (Amini et al., 1998; Guttman et al., 1994;
Park et al., 1996; Young et al., 1995). Alternatively, motion information may
be obtained directly from the tagged images without extracting the tag features
by using optical flow techniques (Prince and McVeigh, 1992) or phase based
analysis (Osman et al., 1999).
2.1.4.1 Techniques
2.1.4.1.1 Tag following Algorithms such as FindTags (Guttman et al., 1994)
or SPAMMVU (Axel et al., 1992) typically work bymanually or semi-automatically
identifying the tag locations in one image and then using that image as a tem-
plate to find the most probable location of tags in adjacent images (Axel et al.,
2005). The tag trajectories can then be used to compute deformation fields,
which in turn can be used to extract motion parameters (Amini et al., 2001;
Frangi et al., 2001) such as displacement or strain. Early techniques involving
fully manual segmentation of the images took a long time to analyse (5 hours
to analyse 5 slices at 5 time points (Kraitchman et al., 1995)) and while semi-
automated methods greatly reduced this time, it was still too long for clinical
application. In addition data can only be extracted from pixels which lie on
tag lines (and hence the accuracy of these techniques is improved with finer tag
spacing) and analysis is highly dependent on image quality.
2.1.4.1.2 Optical flow Optical flow techniques attempt to follow pixels from
frame to frame via a constant brightness constraint. Put simply, these tech-
niques identify the brightness of a pixel and then look for a nearby pixel in
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the next image which has a similar intensity. As previously discussed, the tags
fade through the cardiac cycle and in early work this was modeled to produce
a more robust technique (variable brightness optical flow) (Dougherty et al.,
1999; Prince and McVeigh, 1992). More recently, optical flow methods have
been presented which extend the technique into three dimensions (Xu et al.,
2010). An advantage of optical flow methods over tag following is that the res-
olution is not limited to the tag spacing.
2.1.4.1.3 HARP harmonic phase (HARP) analysis follows pixels from frame
to frame via a constant phase constraint. Expanding the cosine term in Equa-
tion 2.2 in terms of complex exponentials, the longitudinal magnetization at
time t after tagging is given by:
M(x,t) =M0(1− e−
t
T1 ) +
M0
2
e−
t
T1 e−ikENCx +
M0
2
e−
t
T1 eikENCx (2.3)
Equation 2.3 shows that there are three distinct echoes in k-space. The first
term is a central peak which has no tagged component (known as the T1 echo);
the other two are off-centre peaks responsible for the tags.
In HARP analysis (Osman et al., 1999), one of the off-centre peaks is isolated
by a bandpass filter. An inverse Fourier Transform of this isolated peak re-
sults in a complex image, the magnitude reconstruction showing low resolution
anatomical information and the phase reconstruction showing discontinuities
at the approximate positions of the original tags (Figure 2.2 A). HARP analysis
is based on the phase invariance property of tissue over time. The tissue phase
is determined by the tagging preparation and thereafter remains constant, al-
lowing tissue to be tracked by tracking regions of constant phase (Figure 2.2 B).
After phase unwrapping, the Eulerian strain is calculated as the spatial gradi-
ent of the phase at each point in the HARP phase image, or Lagrangian strain
can be calculated by tracking points of constant phase through a time-series
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Figure 2.2: A: i) K-space for a tagging acquisition. The tag information is found
in the off-centre peaks one of which is isolated for basic HARP processing (ii).
This leads to a low resolution magnitude image (iii) and a phase image (iv)
which can be used to track tissue since its phase is constant through time. B: The
phase invariance property of material points in HARP processing. A sinusoidal
tag pattern and its corresponding harmonic phase at reference time is shown on
the left. At a later time (right) the tags decay in amplitude due to tag fading and
change frequency because of deformation. The range of phase does not change
but the phase slope does. A is reproduced with permission from Sampath et al.
(2003), B is from Osman and Prince (2000) ©2000 IEEE.
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of HARP images. Contours of equal phase can be overlaid on magnitude im-
ages to produce deforming grids similar to conventional tagging (but with any
tag spacing) for better visualisation (Osman and Prince, 2000, 2004). HARP
processing is typically ten times faster than conventional tag following analysis
techniques.
The shape and size of the filter used to isolate the selected spectral peak strongly
affects the resolution of the final image (see magnitude image in Figure 2.2 A)
and can also potentially cause artefacts. Early investigations showed that an
elliptical filter with a Gaussian edge minimised error (Osman et al., 2000) al-
though its effectiveness decreases over time in the cardiac cycle as the central
T1 recovery echo increases as the tags fade.
Phase wrapping causes difficulties in HARP analysis as there are many points in
each image with the same phase. However, using a distance constraint and lo-
cal unwrapping (Osman et al., 1999) any point within the image can be tracked,
not just those points which lie on tag lines or intersections. Unlike conventional
tagging analysis, this can be done very quickly, an un-optimised algorithm tak-
ing just 2 minutes to produce strain at 48 points through 20 time frames when
the same analysis using FindTags (Guttman et al., 1994) took an hour (Osman
et al., 1999).
While conventional tagging can benefit from long high-order SPAMMor DANTE
tagging preparations to produce fine tag lines, this results in an increased num-
ber of k-space peaks which makes it more difficult to isolate a single peak for
HARP analysis and reduces SNR. A 1-1 SPAMM tagging sequence is therefore
generally used. HARP analysis of CSPAMM images has been shown to be more
robust to artefacts than SPAMM images and, because the central T1 recovery
peak is eliminated, less sensitive to the choice of k-space filter (Kuijer et al.,
2001). Although the scan time is doubled, C-SPAMM images have increased
SNR which may be further improved by subtracting the positive and negative
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peaks in k-space (Ryf et al., 2004b). This peak combination HARP also results
in the removal of any phase errors (caused by B0 inhomogeneities, chemical
shift, flow etc.) which are the same for the two peaks.
An imaging sequence capable of producing real-time HARP images by using a
gradient-echo EPI sequence with incrementing RF flip angles to compensate for
tag fading has been developed (Sampath et al., 2003). This is achieved by only
acquiring a small region of k-space around the position of the selected spec-
tral peak. Horizontally and vertically tagged images are acquired in alternate
heartbeats and the low-resolution magnitude images are displayed in real time,
with up to 20 frames per heartbeat, each taking approximately 40ms to acquire.
HARP strain images can be produced oﬄine at a rate of four per second.
For a 2D tagging acquisition, the displacements measured using HARP anal-
ysis are a 2D projection of 3D motion into the imaging plane (Osman et al.,
1999). However by acquiring both long and short axis views, 3D motion can
be reconstructed (Pan et al., 2005). A technique known as zHARP has also
been developed which is capable of tracking the 3D displacement of all points
within a single image plane (Abd-Elmoniem et al., 2005). In this technique, two
C-SPAMM data sets are acquired over two breath-holds - one with tags in the
x-direction and one with tags in the y-direction - which have equal but opposite
through-plane phase encoding. By using all four of the resulting k-space peaks,
HARP images for motion in x, y and z can be calculated. This technique is
much faster than other 3D HARP methods as it does not require the acquisition
of long axis images and it also reduces the issue of registration errors inherent
in building a 3D model from short and long axis images acquired over multiple
breath-holds. Application of zHARP to imaging in pigs found that it is capa-
ble of identifying infarcts and their neighbouring regions (Soleimanifard et al.,
2012).
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2.1.4.1.4 FAST Fourier Analysis of Stimulated Echoes (FAST) is a new pro-
cessing technique for SPAMM tagged data which provides measurements of LV
twist (a parameter that has been shown to be important in several pathologies)
with minimal user interaction (Reyhan et al., 2012). This is acheived by roughly
masking the LV in FAST images so that only tagged data remains in the image,
before carrying out the Fourier transform (FT). The resulting k-space can then
be automatically analysed to measure twist. The technique has good intrascan
and moderate interscan reproducibility (Reyhan et al., 2013). however it is a
very new technique and it yet to be implemented by any groups other than the
developers.
2.1.5 Validation
2.1.5.1 Phantoms
Studies on phantoms with known strains have shown that it is possible to mea-
sure the position of tags to within 0.1mm, allowing highly accurate and precise
measurements of myocardial strain (McVeigh and Zerhouni, 1991). Further
phantom studies have shown tagging to be a reliable method of measuring ax-
ial and azimuthal shear (Young et al., 1993) and strain (Moore et al., 1994).
2.1.5.2 Animals
Measurements of systolic wall thickening with tagging have been validated
against implanted fiducial markers in dogs with both normal and ischemic my-
ocardium. A correlation of 0.95 between measurements made with the two
methods was found (Lima et al., 1993). Circumferential shortening measure-
ments have also been validated using sonomicrometry (Yeon et al., 2001). Both
methods were capable of distinguishing between remote and ischemic segments,
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although tagging measurements were slightly higher in the remote regions (p
= 0.033). Tagging measurements of end and late systolic shortening correlated
well with sonomicrometry (p=0.84 and p=0.88 respectively, p<0.001 for both).
2.1.5.3 Healthy subjects
A tagging study using tag tracking analysis on 31 healthy volunteers has shown
that measurements of E3 and ECC have a higher precision than those of ERR and
E1 (Moore et al., 2000). ECC , E2 and E2-direction from HARP analysis (see Fig-
ure 1.13 for definitions) are in good agreement with tag tracking in both healthy
volunteers and patients (Garot et al., 2000) with pooled analysis from two in-
dependent observers showing good reproducibility. Real-time HARP (Sampath
et al., 2003) and 3D HARP (Pan et al., 2005) also agree well.
2.1.5.4 Patients
Analysis of strain measurements by 3 independent observers on data from the
multi-centre Multi-Ethnic Study of Atherosclerosis (MESA) study have assessed
the reproducibility of HARP analysis (Castillo et al., 2005), and found agree-
ment to be highest in systole (pooled systolic strain ECC inter- and intraobserver
agreement R=0.82 and R=0.69-0.76) and lower in diastole due to reduced tag
contrast (R=0.69 and R=0.58-0.62). The most reproducible measurement was
found to be peak systolic circumferential strain (R=0.84 and 0.89 for inter and
intra observer reproducibility respectively) and a direct relationship between
image quality and reproducibility was observed.
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2.1.6 Normal motion
ECC and ECC-rate are the most commonly quoted parameters of wall motion
and have been shown to be one of the most robust measurements possible
from tagging studies (Castillo et al., 2005; Moore et al., 2000). Many studies
have been undertaken to characterize normal heart motion using tissue tag-
ging, some of which (20 articles and 8 technical papers from 1991-2003) have
been meticulously compiled to produce confidence intervals for standard de-
formation parameters in an excellent review article by Petitjean (Petitjean et al.,
2005). Age-related changes in regional myocardial motion have also been stud-
ied using tagging (Oxenham et al., 2003) and have shown clinically relevant
changes in motion.
2.1.7 Clinical application
Tissue tagging is the most widely accepted MR technique for measuring re-
gional myocardial motion and because of this, it has been used in large scale
clinical trials. In the multi-center MESA trial, for example, peak systolic mid-
wall ECC was calculated in 1184 asymptomatic participants using HARP anal-
ysis of tagged images and enabled a risk factor analysis of LV function. The
clinical relevance of tagging has been discussed in detail in several excellent
review articles (Axel et al., 2005; Götte et al., 2006; Shehata et al., 2009). It is
capable of measuring a number of clinically relevant parameters, as outlined
below.
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2.1.7.1 Circumferential strain
Figure 2.3: The effect of smoking on minimum ECC measured by HARP in
MESA. ECC is lowered both in former and current smokers (A). The effect in-
creases with the amount of cigarettes smoked (B). Reproduced with permission
from Rosen et al. (2006a)
As discussed above, circumferential strain and strain rate are the most repro-
ducible (Garot et al., 2000) parameters derived from tagging acquisitions and
have the highest precision. The MESA study showed that reduced peak systolic
ECC correlates with increased diastolic blood pressure in coronary territories
with coronary artery disease (Rosen et al., 2006b). Smoking also caused re-
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duced peak ECC , with the size of the reduction increasing with greater cigarette
consumption (Rosen et al., 2006b) (see Figure 2.3). Reduced peak systolic ECC
was also related to coronary artery calcification (potentially providing a link be-
tween coronary atherosclerosis and incipient regional dysfunction (Edvardsen
et al., 2006a)) and reduced coronary perfusion reserve (Rosen et al., 2006a).
Peak systolic ECC has also been shown to be lowered in the anterior and lateral
regions of the heart in patients with HCM (Ennis et al., 2003) and in a small co-
hort of patients with Duchenne muscular dystrophy, tissue tagging has shown
reduced midventricular and basal ECC compared to 9 age-matched volunteers,
despite the patients having preserved LV volumes and ejection fractions (Ash-
ford et al., 2005).
2.1.7.2 Circumferential strain-rate
Both systolic and early diastolic ECC rates may be measured from tagging stud-
ies, provided that the tags persist. Diastolic ECC-rate was reduced in asymp-
tomatic MESA study patients with LV hypertrophy, indicating that reduced
ECC-rate could be a precursor to clinical heart disease (Edvardsen et al., 2006b).
Peak systolic ECC-rate was also reduced in areas of coronary artery calcification
(Edvardsen et al., 2006a). It has also been shown that increased carotid wall
stiffness is strongly related to reduced diastolic and systolic ECC-rate (Fernan-
des et al., 2008). In patients with HCM, early diastolic ECC-rate has also been
shown to be reduced in all regions (Ennis et al., 2003).
2.1.7.3 Other strains
In patients with infarcts, the principal strains have been found to alter and re-
orient both in adjacent and remote myocardium (Marcus et al., 1997). E1 is also
reduced in the basal septum and anterior walls in patients with HCM (Young
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et al., 1994). In a study of patients with DCM, spatial strain variance at the
time of maximal shortening has been shown to be an index for dyssynchrony
(Nelson et al., 2000).
2.1.7.4 Shortening
Early tagging studies quoted results in terms of shortening instead of strain.
Shortening is the difference in length of an object between two time points (i.e.
similar to Equation 1.14 but with no division by the original length). Reduced
circumferential and longitudinal shortening has been found in adjacent com-
pared to remote myocardium in patients with myocardial infarction (Kramer
et al., 1993) with the difference persisting for up to 6 months after infarction.
In patients with DCM the septumwas found to lengthen during systole whereas
it shortens in healthy motion (Young et al., 2001). After partial left ventriculec-
tomy, tagging studies showed that septal function recovered (Setser et al., 2003).
Septal longitudinal and circumferential shortening is also reduced in patients
with HCM (Young et al., 1994).
2.1.7.5 Torsion/Rotation
Reduced systolic apical rotation, along with delayed and prolonged diastolic
untwisting has been demonstrated in infarcted hearts (Nagel et al., 2000b). In
patients with aortic valve stenosis, systolic rotation is reduced at the base but
increased at the apex (Nagel et al., 2000a). Peak systolic torsion is reduced at
base and apex in DCM (Kanzaki et al., 2006) whereas torsion is increased in
HCM (Young et al., 1994), and increased torsion has been shown to be a poten-
tial precursor to HCM in healthy mutation carriers (Rüssel et al., 2011). Due to
its clinical potential a paper has been produced which aims to standardise the
measurement of torsion (Young and Cowan, 2012).
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2.2 Phase velocity mapping
2.2.1 Introduction
Phase velocity mapping (Bryant et al., 1984; Nayler et al., 1986; van Dijk, 1984)
(also known as phase mapping, phase contrast velocity mapping or phase con-
trast imaging) was first applied to measuring myocardial velocity nearly twenty
years ago (Karwatowski et al., 1994b; Pelc et al., 1994). A bipolar gradient is
used to encode velocity directly into the phase of the signal. The technique is
widely available as a standard sequence on most clinical scanners and has quick
post-processing, however it is prone to motion artefacts and phase distortion.
Phase velocity mapping is widely used clinically to measure blood flow and has
been shown to be useful for measuring myocardial motion inmyocardial infarc-
tion (Arai et al., 1999; Markl et al., 1999), heart failure (Delfino et al., 2008b), LV
hypertrophy (Jung et al., 2006b), HCM (Beache et al., 1995), DCM (Föll et al.,
2009), coronary artery disease (CAD) (Karwatowski et al., 1994a,b; Schneider
et al., 2001) and ventricular dyssynchrony (Delfino et al., 2008b). Phase veloc-
ity mapping is the technique that has been used to measure regional myocardial
mechanics in this thesis. It is briefly introduced below but is explained in more
detail in Chapter 3.
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2.2.2 Sequence Design
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Figure 2.4: Top: Phase velocity mapping sequence diagram showing through
plane velocity encoding. Reference acquisitions and acquisitions for other di-
rections of vecity encoding can either be interleaved within the same heartbeat
or can be acquired in separate heartbeats. Bottom: Magnitude image (A) and
phase map (B) for the longitudinal direction of velocity encoding. Reproduced
with permission from (Simpson et al., 2013b).
A bipolar gradient of magnitude Gv along the desired direction of velocity en-
coding causes a phase shift
φ = γGvvδ∆ (2.4)
where v is the velocity of material being imaged along the direction of encoding,
γ is the gyromagnetic ratio, δ is the gradient duration and ∆ is the time between
the positive and negative gradient lobes (see Figure 2.4). The bipolar gradient
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is incorporated into the imaging sequence, normally being combined with the
rephasing lobes so as to reduce the sequence echo and repeat times.
Equation 2.4 shows that the phase shift is directly proportional to the velocity in
the direction of the encoding gradient, however velocities which result in phase
shifts outside of the range ±pi are aliased causing analysis problems. Some of
these issues can be overcome by phase unwrapping (Yang et al., 1996).
The largest velocity that can be measured without aliasing is known as the
VENC which is controlled by altering the amplitude and duration of the en-
coding gradients. For myocardial phase velocity mapping, the required VENC
is small (typically 15-25cm/s) and requires relatively high amplitude gradients.
By repeating the sequence with velocity encoding in in-plane and through plane
directions, 3-directional myocardial velocities can be measured. In addition to
acquisitions in each direction of velocity encoding, a reference (non flow en-
coded) acquisition is also required to correct for any uncontrolled phase errors.
The different velocity encodings can either all be acquired consecutively in the
same heartbeat or in separate heartbeats. The first technique has significantly
lower temporal resolution than the second but results in a shorter scan time and
removes any potential registration issues.
Phase errors caused byMaxwell or concomitant gradients can be calculated and
corrected for precisely and automatically in software (Bernstein et al., 1998).
Phase shifts due to eddy currents can be more troublesome and result in back-
ground phase shifts in stationary tissues. Identifying points of stationary tissue
(in the chest wall, liver and back for example) may allow this background phase
to be modelled and corrected, but if stationary tissue is not present on all sides
of the heart it may not be possible to model accurately. In such cases, the ac-
quisition of a second dataset with the same parameters as the first in a large
static phantom may be necessary to allow the phase errors to be subtracted
(Chernobelsky et al., 2007). Beat-to-beat variations in blood flow in the heart
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result in ghosting of blood signals in the phase encoding direction and errors
in myocardial velocity measurements. A ‘black-blood’ pre-saturation pulse is
generally included in the pulse sequence to reduce this (Drangova et al., 1997;
Hennig et al., 1998).
2.2.2.1 Initial implementation
One of the first applications of phase velocity mapping to measure myocardial
velocities used an unsegmented gradient echo sequence over 192 heartbeats,
each line of data being acquired twice and averaged to reduce respiratory mo-
tion artefacts (temporal resolution 25ms, spatial resolution 1.4-2mm, through-
plane velocities) (Karwatowski et al., 1994b; Pelc et al., 1994).
2.2.2.2 Developments
Segmented imaging techniques have been applied, allowing the measurement
of one directional velocities within a breath-hold (for example temporal resolu-
tion 37-87ms with view sharing, spatial resolution 2.7x1.3mm in a 17-29 heart-
beat breath-hold (Petersen et al., 2006)). The temporal resolution can be im-
proved by acquiring different encoding directions in different heartbeats, how-
ever this increases the duration of the scan such that it cannot be performed
in a breath-hold. Respiratory gating using navigators has been implemented to
allow 3-directional velocity encoding with improved temporal and spatial reso-
lution although at the expense of increased acquisition durations (Delfino et al.,
2006; Jung et al., 2006a). Temporal resolution has also been improved by using
view sharing techniques (Foo et al., 1995; Markl and Hennig, 2001), optimised
GRAPPA (Peng et al., 2010) and k-t BLAST Lutz et al. (2011).
The motion of the heart is intrinsically three dimensional. 3D velocity informa-
tion is normally obtained by encoding velocity in three orthogonal directions
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and acquiring a stack of 2D short-axis images. However, acquisitions of 3D
data with 3-directional velocities at each point have also been carried out (Kvit-
ting et al., 2004; Lutz et al., 2012; Selskog et al., 2002) allowing velocities to be
extracted from any point in the myocardium without the need for prior slice
positioning. However scan times are long (30-40 minutes) and no respiratory
motion compensation has been applied.
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2.2.3 Image Analysis
2.2.3.1 Parameters
Normalised time
Figure 2.5: Velocities measured in 12 healthy volunteers with PVM. Longitudi-
nal, radial and circumferential velocities are shown from basal, mid and apical
slices. Times are normalised to end systole (ES) as shown by the vertical line.
The mean velocity values at each normalised time point are shown and for the
basal slice SD values are indicated by error bars. Interesting features of motion
are indicated by arrows. Reproduced with permission from Jung et al. (2006a).
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2.2.3.1.1 Velocities Most studies using phase velocity mapping analyse the
velocities directly as they can be obtained with a minimum of image processing
and are more accurate than other derived parameters (Hennig et al., 1998; Jung
et al., 2006a; Karwatowski et al., 1994b). The acquired x, y and z velocities
(relative to the image plane) are generally converted to radial, circumferential
and longitudinal velocities based on the geometry of the left ventricle. Example
normal global (averaged over the entire myocardial slice being imaged) radial,
circumferential and longitudinal velocities averaged over basal, mid and apical
slices can be seen in Figure 2.5. Many differences between slices can be seen, for
example basal and apical circumferential velocities are in opposite directions
in early diastole (point 3 in the middle graph) and longitudinal velocities are
higher at base than apex (points 1 and 4 on the last graph).
2.2.3.1.2 Strain-rate Strain-rate is determined from phase velocity mapping
images by calculating the spatial derivatives of the velocities at each pixel (Wedeen,
1992). A method to calculate strain-rate in all three directions from a single
slice position has also been developed (Robson and Constable, 1996), exploit-
ing the information about the range of velocities present in a voxel encoded
in the magnitude of the signal from that voxel. Strain can be calculated from
trajectories, obtained by integrating velocities with respect to time (Zhu et al.,
1997), however this is not often done as errors can propagate through the inte-
gration to an unacceptable level, and the processing time is long.
2.2.4 Validation
2.2.4.1 Phantoms
Phase velocity mapping was validated for measuring blood flow in the first
studies (Bryant et al., 1984) and exactly the same technique is used for measur-
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ing myocardial mechanics. However validation studies have been performed
specifically to validate the technique for measuring tissue velocities to assess
the effect of using lower VENC values and the effect of blood flow on myocar-
dial velocities. In a rotating phantom the average absolute error between mea-
sured and actual velocities was 0.13 ± 0.17cm/s which corresponds to 0.65% of
the velocity-encoding range (Arai et al., 1999), and in an oscillating phantom,
measured and theoretical velocities were highly consistent (Markl and Hennig,
2001).
A phantom capable of both longitudinal and circumferential motion has also
been developed (Delfino et al., 2008b) and phase velocity mapping was shown
to be capable of accurate measurements (mean differences were -0.15 ± 2.8 cm/s
and 0.06 ± 1.38 cm/s in the longitudinal and circumferential direction). Time-
to-peak velocities were measured with accuracy corresponding to less than one
time frame (9.4 ± 24.4ms and 1.0 ± 20.3ms difference between measured and
actual values in the longitudinal and circumferential directions respectively,
temporal resolution 35ms).
2.2.4.2 Healthy subjects
Radial strain measured with phase velocity mapping has been validated against
strain calculated from changes in myocardial thickness on bSSFP images in
healthy volunteers (Delfino et al., 2008a). However, while this study showed
good agreement between the mean peak radial strains (38.0 ± 6.2% vs 38.1 ±
5.4%), Bland-Altman analysis showed large limits of agreement (mean differ-
ence between techniques −0.18±18.3%) possibly because the velocity data must
be integrated over time to calculate strain which results in increased noise. Ra-
dial velocities in 29 healthy volunteers (Jung et al., 2004) measured with phase
velocity mapping and TDI have shown excellent agreement (R=0.97).
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2.2.4.3 Patients
Normalised septal velocities in 18 patients with hypertensive heart disease showed
excellent agreement with TDI measurements (R=0.89) (Paelinck et al., 2005).
Similarly, agreement between TDI and phase velocity mapping for the assess-
ment of longitudinal septal velocities over the cardiac cycle and time to peak
longitudinal velocity in healthy volunteers and patients with dyssynchrony have
been excellent (R = 0.87 and R = 0.97 respectively), although in this study, MR
measured velocities consistently exceeded those measured by TDI, possibly be-
cause of the angle dependence of TDI measurements (Delfino et al., 2006).
2.2.5 Normal motion
Investigations into the reproducibility of phase velocity mapping have shown
that the coefficient of variation for repeated measurements of septal peak ve-
locity is 11% and time-to-peak velocity is 5.7%, the corresponding values for
TDI being 13.1% and 9.1% respectively (Delfino et al., 2006). Intra- and in-
terobserver variabilities of lateral radial velocity measured from the same data
by 3 independent observers were (mean ± standard deviation (SD)) 0.15 ± 0.18
cm/s (averaged over the observers) and 0.16±0.23 cm/s respectively (Jung et al.,
2004).
Phase velocity mapping has been used to investigate the function of fibre orien-
tation in the determination of heart motion and architecture (Buckberg et al.,
2006; Jung et al., 2006b). Transmural, epicardial and endocardial strain and
strain rates have been computed in healthy volunteers by Delfino, who was
first to report an endocardial-epicardial strain-rate gradient in the human heart
(Delfino et al., 2008a).
A database of normal 3D systolic and diastolic endocardial and epicardial ve-
locities based on data from 96 healthy volunteers was produced by Petersen (Pe-
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tersen et al., 2006) and Föll undertook a detailed study of the motion of the left
ventricle in 58 subjects (Föll et al., 2009). This study used correlation analysis
and a schematic visualisation model to discover age-related changes in regional
left ventricle myocardial velocities. The most recent work in this area is able to
perform very detailed regional analysis of the left ventricle motion (Codreanu
et al., 2010), revealing complicated motion and suggesting how the anatomy
and positioning of the heart may explain its complex mechanics. There is also
potential for assessing arterial stiffness by investigating the effect of the aortic
reflected pulse pressure wave on myocardial velocities (Codreanu et al., 2011b).
2.2.6 Clinical Application
Phase velocity mapping has been used in several clinical studies to quantify
regional myocardial motion and detect regional abnormalities in patients with
various conditions, mostly by detecting differences in peak velocities at various
stages in the cardiac cycle between patients and healthy volunteers. The clini-
cally relevant parameters that tissue phase mapping can measure are outlined
below.
2.2.6.1 Strain-rate
Strain rate can be calculated from velocity data using its spatial derivative.
The heterogeneity of strain-rates has been shown to increase in patients with
HCM compared with healthy volunteers during diastole, with regional diastolic
strain-rate correlating with wall thickness (Beache et al., 1995). Early diastolic
radial strain-rate has also been shown to be a parameter capable of identifying
areas of infarcted myocardium in canine hearts (Arai et al., 1999).
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2.2.6.2 Peak velocities
Reduced diastolic peak longitudinal and radial velocities have been found in
the septal and lateral regions of 28 patients with heart failure compared with
17 healthy volunteers, with diastolic longitudinal velocities being the most af-
fected (Delfino et al., 2008b). Motion patterns during diastole were found to
be prolonged and peak velocities reduced in 2 patients with LV hypertrophy
(Jung et al., 2006a), and in a study of 58 healthy volunteers and a single pa-
tient with DCM, age caused significant differences in peak and time-to-peak
velocities in the radial and longitudinal directions. Marked regional differences
were also observed between the patient and age-matched normals (Föll et al.,
2009). Maximum long axis velocity is reduced in patients with CAD compared
with healthy volunteers and further reduced in patients with CAD and previous
infarction (125mm/s in healthy volunteers (n=19), 99mm/s in CADwithout in-
farction (n=21), 80mm/s in CAD with infarction (n=26)) (Karwatowski et al.,
1994b). Regional diastolic radial velocities are also reduced in patients with
CAD (Schneider et al., 2001). Patients suffering from myocardial infarction
show significantly reduced radial velocities and dyskinetic regions are easily
identified (Markl et al., 1999). More recently left ventricular remodelling af-
ter coronary artery bypass surgery was investigated with PVM and despite in-
creased apical contraction (2.4±0.2cm/s compared with 3.1±0.2cm/s, p=0.03),
no increase in peak diastolic velocities were seen (Codreanu et al., 2011a).
2.2.6.3 Time to peak velocities
In patients with dyssynchrony, the time-to-peak systolic velocity in the lateral
wall is increased in the longitudinal (99±17ms in volunteers, 198±83 ms in pa-
tients) and radial (168±51ms in volunteers, 224±66 ms in patients) directions,
as is time-to-peak diastolic velocity in the longitudinal (507 ± 34 ms in volun-
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teers, 613 ± 112 ms in patients) and radial (478 ± 34ms in volunteers, 530 ± 50
ms in patients) directions (Delfino et al., 2008b).
2.3 DENSE
2.3.1 Introduction
DENSE, first developed in 1999, encodes in-plane tissue displacement directly
into the phase of an image (Aletras et al., 1999b). This is achieved by using
three RF pulses to generate a stimulated echo along with encoding and decod-
ing gradients. However, because the sequence is based on a stimulated echo,
the technique has intrinsically low SNR and, like tagging, T1 recovery makes
analysis of myocardial motion over the entire cardiac cycle difficult.
DENSE is not yet widely applied in a clinical context, however in initial studies
it has been shown to have potential use in the areas of myocardial infarction
(Aletras et al., 2006), ventricular dyssynchrony (Spottiswoode, 2006) and non-
ischemic cardiomyopathy (Feng et al., 2009).
2.3.2 Sequence Design
The original DENSE sequence (Figure 2.6) is a stimulated echo acquisition mode
(STEAM) sequence which consists of a 1-1 SPAMM tagging section which mod-
ulates the longitudinal magnetisation in an in-plane direction using an encod-
ing gradient GENC , followed by a mixing time TM (approximately 100ms) and
an imaging section which includes a gradient to refocus the phase of station-
ary spins (known as the decoding gradient). STEAM sequences can be used to
reduce the effect of T1 recovery by storing the magnetisation along the longitu-
dinal direction. This enables the use of a long mixing time, which allows large
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Figure 2.6: Top: The cine-DENSE sequence diagram showing an initial 1-1
SPAMM tagging module followed by a modified imaging sequence. TMi is the
mixing time for the ith acquired cardiac phase. GENC = encoding gradient, GC
= crusher gradient. Reproduced with permission from Simpson et al. (2013b).
A and B show DENSE phase images for the two in plane directions of encod-
ing which can then be combined to produce a displacement map, shown in C.
Reproduced with permission from Aletras et al. (1999a).
displacements to be encoded (resulting in good phase contrast) with relatively
small gradients which reduces signal loss through intravoxel phase dispersion.
The initial encoding stage is the same as that used for conventional tagging
(Equations 2.1 and 2.2). After the third RF pulse (which forms part of the
imaging sequence and has flip angle α), the transverse magnetisation, MT (x,t),
is given by
MT (x,t) =M0 sinα(1− e−
t
T1 ) +M0 sinα cos(kENCx)e
− tT1 (2.5)
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where kENC = γ
∫
GENC(t)dt where
∫
GENC(t)dt is the zeroth moment of the
encoding gradient lobe. After the mixing time the region of interest has moved
a distance ∆x. The effect of the decoding gradient (which also has magnitude
GENC) is to add an additional phase of kENC(x +∆x) to the signal:
MT (x,t) =M0 sinα(1− e−
t
T1 )e−ikENC (x+∆x)
+M0 sinα cos(kENCx)e
− tT1 e−ikENC (x+∆x).
(2.6)
Expanding the cosine term by using complex exponentials we get:
MT (x,t) =M0 sinα(1− e−
t
T1 )e−ikENC∆xe−ikENCx
+
M0
2
sinαe−ikENCx∆x
+
M0
2
sinαe−
t
T1 e−ikENC∆xe−i2kENCx.
(2.7)
Equation 2.7 shows that the acquired k-space will contain three distinct echoes.
From left to right they are known as the T1 recovery echo (found at k = kENC),
the stimulated echo (STE) (found at k = 0) and the stimulated anti-echo (STAE)
(found at k = 2kENC) (also known as the conjugate echo). Note that the effect
of the decoding gradient has been to shift the three echoes by an amount kENC
relative to their positions in a simple SPAMM tagging acquisition where the
echo centres are at k = −kENC , k = 0 and k = +kENC (Equation 2.3, Figure 2.2 Ai).
For DENSE imaging, the required displacement information is contained within
the STE (as for this echo, the phase is directly proportional to displacement).
Equation 2.7 also shows that DENSE imaging has inherently low SNR as the
magnitude of the STE is proportional to only half of the original longitudi-
nal magnetisation. The entire sequence can be repeated with encoding in an
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orthogonal direction in order to get a 2D displacement for each pixel (See Fig-
ure 2.6). While the STE is, by design, compensated for phase errors resulting
from B0 inhomogeneities and chemical shift during both encoding and decod-
ing, a phase correction scan is required to compensate for any changes which
occur between the two (Aletras et al., 1999a).
2.3.2.1 Implementations
The original implementation of DENSE acquired an image at a single time-
point in the cardiac cycle and was slow as the imaging module was a cardiac
and respiratory gated un-segmented acquisition (spatial resolution 1 × 1.9mm,
4.3 minutes per image) (Aletras et al., 1999b). However, the acquisition dura-
tion was subsequently reduced to a 24 heartbeat breath-hold using a multi-shot
segmented echo planar imaging scheme (spatial resolution 2.5×2.5mm)(Aletras
et al., 1999a), thereby also eliminating artefacts due to respiratory motion. A
mixed echo train acquisition (meta-DENSE) has also been developed to reduce
the imaging time further (12-14 heartbeats) (Aletras and Wen, 2001), however
signal loss occurs along the pulse train due to imperfect refocusing pulses.
Cine DENSE imaging has also been performed, using a fast imaging sequence
such as an EPI sequence (Kim et al., 2004b) or a spiral readout trajectory (Zhong,
2007). Using EPI, a temporal resolution of 60ms with spatial resolution of
2.7 × 2.7mm has been acquired in a 19 heartbeat breath-hold, whereas a spi-
ral readout achieved temporal resolution of 34ms with spatial resolution of
2.8 × 2.8mm in a 19 heartbeat breath-hold with improved SNR and reduced
ghosting and flow artefacts compared to a fly-back EPI readout.
In the sav-DENSE technique, the imaging sequence is applied without displace-
ment decoding and the STE and STAE echo are combined to increase SNR by a
factor of
√
2 (Kim et al., 2004a). The CANSEL (Cosine ANd Sine acquisitions to
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ELiminate artefact generating echoes) acquisition scheme has been introduced
to eliminate both STAE and T1 recovery echoes. This requires 4 acquisitions
each with a different version of the 1-1 tagging sequence: (90o)x and −(90o)x
, (90o)x and (90
o)x, (90
o)x and (90
o)y , (90
o)x and −(90o)y (Epstein and Gilson,
2004). These data sets can be combined by addition and subtraction to remove
both the STAE and T1 echoes. Using this scheme, a smaller encoding gradient
can be used (as the STAE does not need to be shifted out of the k-space window),
resulting in reduced intravoxel dephasing, and the suppression of the STAE is
also more complete than is possible by shifting it out of the k-space window.
However, the study duration is extended by the need for the additional acqui-
sitions.
While the multiple acquisitions in the above methods for removing unwanted
echoes increase the scan time, the increased SNR achieved allows parallel imag-
ing to be used (Aletras et al., 2005). A balanced n-dimensional encoding scheme
has also been investigated (Zhong et al., 2009) and has been found to substan-
tially reduce phase noise variance as well as any directional bias in the phase
noise. This technique is equally applicable to phase contrast MRI.
Fast cine-DENSE is the collective name for a series of improvements made by
Kim and Kellman (Kim and Kellman, 2007) to incrementally improve the SNR
and acquisition efficiency of DENSE acquisitions. This was achieved by using
a bSSFP imaging sequence at 3T with sav-DENSE. The combined effect was to
improve SNR by 65%, acquiring images with 3.6×3.6mm spatial resolution and
35ms temporal resolution in a 24 heartbeat breath-hold. The implementation of
time adaptive SENSE (TSENSE) parallel imaging enabled the same resolution
to be achieved in half the time, while still achieving an SNR improvement of
28%. Fast cine-DENSE has been found to be insensitive to the level of B0 vari-
ation found clinically (Feng et al., 2009) with excellent agreement being found
between simulated deformation models and the results of DENSE analysis.
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2.3.2.2 Artefacts
A B C D
E F G H
STE STAE
T1
STE
T1
STE STE STAE
T1
Figure 2.7: K-space (A-D) and images (E-H) for variations of DENSE imaging.
A and E show all three echoes as in a standard DENSE acquisition, leading
to tagging artefacts with frequencies of kENC and 2kENC . The STAE can be
removed by choosing a large enough value of kENC (B/F), leaving a tagging
artefact of a single frequency. A C-SPAMM acquisition allows the subtraction
of the T1 echo (C/G), removing the tagging artefact. For comparison D shows
the k-space of a standard HARP acquisition, which is used for sav-DENSE. From
Kim et al. (2004b).
The STAE and the T1 recovery echo cause unwanted banding artefacts and var-
ious methods have been developed to remove them (Figure 2.7 A/E). The STAE
can be removed by using a sufficiently large displacement encoding to shift it
outside of the range of k-space sampled for imaging (Figure 2.7 B/F). Alterna-
tively, both the T1 recovery echo and the STAE can be removed by through-
plane crusher gradients (Aletras et al., 1999a; Zhong et al., 2006) although this
increases intravoxel dephasing and results in reduced SNR. The T1 recovery
echo has also been eliminated by an inversion recovery technique which nulls
the signal for a particular T1, although banding artefact will still be present
from tissue with other T1 values (Aletras and Wen, 2001).
Another approach to artefact reduction is to use RF cycling in the form of com-
plementary spatial modulation of magnetization (C-SPAMM) where a second
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data set is acquired with the phase of the second RF pulse in the SPAMM mod-
ule inverted (Aletras and Arai, 2004; Gilson et al., 2004). Subtraction of the two
datasets increases the SNR, while the T1 recovery echo is removed regardless of
T1 value, although this is at the expense of doubling the acquisition duration
(Figure 2.7 C/G). A simple k-space filter, centred on k = kENC , can be used to
suppress any residual T1 signal (Kim et al., 2004b).
2.3.3 Validation
The accuracy of DENSE displacement measurements has been validated in sev-
eral studies. In the original DENSE implementation, a phantom rotation of
10.28o was measured by DENSE as 10.54o ± 0.36o (Aletras et al., 1999a), while
high resolution DENSE with C-SPAMM in mice found mean squared errors in x
and y displacement measurements of 0.0034 and 0.0013mm2 respectively (Ale-
tras and Arai, 2004) (compared to an average systolic myocardial displacement
in mice of 0.42 ± 0.04mm). The CANSEL acquisition scheme has been shown
to measure through plane motion in a rotating cylindrical phantom more accu-
rately than SPAMM or C-SPAMM (Epstein and Gilson, 2004). The introduction
of slice following has allowed a through plane tracking accuracy of 0.46 ± 0.32
mm for a typical range of myocardial motion in humans (Spottiswoode et al.,
2008).
Fast cine DENSE image analysis has low intra- and interobserver variability for
both ECC and E2 measurements (Feng et al., 2009). The implementation of par-
allel imaging has been shown not to affect measurements of E2, with the mean
difference between non-accelerated and accelerated sequences in 6 healthy vol-
unteers being 0.00 with limits of agreement of −0.04 to 0.04 (Kim and Kellman,
2007).
A good correlation (R = 0.90) has been found between high resolution single
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Figure 2.8: Comparison between ERR (a), ECC (b) and twist (c) measurements
from DENSE and tagging in mice (Zhong and Yu, 2010). The difference in ECC
measurements between the two techniques can be seen to increase as the mea-
sured value increases towards zero.
phase C-SPAMM DENSE and tagging measurements of ECC in mice (Gilson
et al., 2004). In a further study, twist, radial strain and circumferential strain
measured by cine-DENSE inmice correlated well withHARP analysis (R = 0.96,
R = 0.80, R = 0.88 respectively) of the same images before complex subtraction
(Zhong and Yu, 2010) although DENSE measurements were underestimated
by ∼ 10%. Towards the peak ECC values, the differences between HARP and
DENSE increased (Figure 2.8).
ECC measurements through the cardiac cycle from cine-DENSE have also been
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shown to correlate well with tagged studies in healthy volunteers (R = 0.87)
with the mean difference and limits of agreement being 0.014 and −0.06 to
0.09 respectively (Kim et al., 2004b) in this population where the typical ECC
value was 0.1. More recently, fast cine-DENSE has also shown good agreement
(R = 0.92) with conventional tagging for both ECC (mean difference 0.01, limits
of agreement 0.07 to −0.04) and E2 (mean difference 0.03, limits of agreement
0.08 to −0.03) measurements (Feng et al., 2009) in healthy subjects and in a
heterogeneous group of patients with a prior history of cardiac disease (the
typical value of both ECC and E2 in this study being 0.15). Sav-DENSE has also
shown good correlation with tagging in ECC measurements (R = 0.92) (Kim
et al., 2004a).
3D DENSE has been achieved during free breathing using slice following with a
respiratory navigator (Zhong et al., 2010). Results were in good agreement with
both 2D DENSE and historical 3D tagging results. A method of computing au-
tomated measures of mechanical dyssynchrony using the Fourier transform of
regional strain has been validated against time-to-peak parameters measured
with tissue tagging (Budge et al., 2012). While this method discriminates well
between different patient groups, correlations with tagging, although signifi-
cant, were low (R=-0.62, p=0.03).
2.3.4 Normal motion
In its original form, DENSE had sufficient resolution to detect transmural strain
variation across the LV at end-systole (Aletras et al., 1999a). Measurements
of ECC and ERR with 2D DENSE in 12 volunteers found that ECC decreases
throughout systole to a minimum of approximately 0.2 while ERR increases
throughout systole to a maximum of approximately 0.40 (Kim et al., 2004b),
in agreement with tagging results. Measurements of 3D trajectories using slice
following in 6 healthy volunteers found end-systolic ECC and ERR of −0.16±0.02
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End-systolic Tagging End-systolic DENSE Peak Tagging Peak SENC
Segment (n=10) (n=12) (n=75) (n=75)
Basal anterior -22 ± 2 -18 ± 2 -22 ± 2.4 -20.3 ± 1.9
Basal (antero)septal -21 ± 3 -20 ± 3 -21.5 ± 2.8 -20.7 ± 2.9
Basal inferoseptal -21 ± 3 -15 ± 2 - -
Basal inferior -16 ± 2 -17 ± 2 -20.9 ± 2.9 -20.2 ± 2.3
Basal (infero)lateral -18 ± 1 -17 ± 5 -21.9 ± 2.5 -20.3 ± 2.5
Basal anterolateral -19 ± 2 -19 ± 4 - -
Mid anterior -23 ± 2 -18 ± 2 -24.2 ± 2.8 -21.3 ± 2.3
Mid (antero)septal -24 ± 3 -20 ± 3 -22.2 ± 2.9 -20.7 ± 2.2
Mid inferoseptal -22 ± 3 -18 ± 1 - -
Mid inferior -18 ± 2 -16 ± 3 -19.5 ± 3.2 -19.8 ± 2.7
Mid (infero)lateral -20 ±3 -20 ± 4 -22.6 ± 2.7 -21.2 ± 2.6
Mid anterolateral -21 ±2 -22 ± 4 - -
Apical anterior -27 ±2 -19 ± 3 -23.7 ± 3.1 -22.1 ± 2.3
Apical (antero)septal -25 ±2 -20 ± 2 -22.3 ± 3.1 -20.4 ± 2.4
Apical inferoseptal -23 ±2 - - -
Apical inferior -21 ±4 -19 ± 2 -19.9 ± 3.5 -19.8 ± 2.7
Apical (infero)lateral -25 ±3 -21 ± 3 -21.1 ± 3.9 -20.3 ± 2.4
Apical anterolateral -26 ±2 - - -
Table 2.1: Comparison of tagging with DENSE and SENC results. Percentage
values are given. The first column is from Kuijer et al. (2002), the second col-
umn is from Epstein and Gilson (2004), the third and fourth columns are from
Spottiswoode et al. (2008).
and 0.21 ± 0.08 respectively. The difference between the 2D and 3D results are
attributed to the through plane component of strain. Measurements of end-
systolic ECC and E2 in all 16 segments of the LV have also been made with fast
DENSE (Feng et al., 2009) (Table 2.1).
2.3.5 Clinical Applications
DENSE has not yet been widely accepted as a clinical tool and the number of
clinical studies is limited. Pre-clinical studies in mice have shown that ECC
and ERR measured with DENSE can detect infarcted myocardium (Gilson et al.,
2004, 2005) while more recently cine DENSE was used to show that stress in-
duced significant increases in radial and circumferential strains and torsion in
peak systole (Zhong and Yu, 2010).
In studies on individual patients, DENSE has demonstrated the potential for
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detecting reduced deformation in myocardial infarction (Aletras et al., 2005),
delayed onset of strain in LV-RV dyssynchrony (Spottiswoode, 2006), abnor-
mal septal motion following pericardiectomy (Spottiswoode et al., 2008) and
reduced ECC and E2 in non-ischemic cardiomyopathy (Feng et al., 2009).
In a DENSE study on 16 patients with hypertension, CAD or diabetes, segmen-
tal ECC measurements were classified according to whether they were above or
below a threshold value. Using adaptive post-processing techniques, DENSE
agreed with the classifications made by echocardiography with a sensitivity of
87.7%± 4.0 and specificity of 87.7%± 4.0 (Wen et al., 2008).
2.4 SENC
2.4.1 Introduction
SENC is a relatively new technique, having been described for the first time
in 2001 by Osman et al (Osman et al., 2001). Unlike conventional tagging
where the tag planes are oriented perpendicular to the imaging plane, in SENC
imaging tag planes are initially orientated parallel to the imaging plane. How-
ever the tags still fade due to T1 recovery and SENC cannot analyse the whole
cardiac cycle. Through-plane strain is directly related to the pixel intensity
in the resulting images and very little post-processing is needed. SENC mea-
sures through-plane strain, therefore longitudinal strain (ELL) can be deter-
mined from a short axis image plane and circumferential strain (ECC ) from a
long axis image plane. Radial strain cannot be measured. SENC has not yet
been applied in a clinical context, however initial studies have shown it to be
a potential diagnostic tool of the future for myocardial infarction (Neizel et al.,
2010; Oyama-Manabe et al., 2011), CAD (Korosoglou et al., 2009) and RV func-
tion in pulmonary hypertension (Shehata et al., 2010).
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2.4.2 Sequence design
The SENC imaging sequence consists of a 1-1 SPAMM tagging section with gra-
dient strengthGENC , which sinusoidally modulates the longitudinal magnetisa-
tion in the through-plane direction (z) (analogous to Equation 2.1), followed by
an imaging section in which a through-plane demodulating or tuning gradient
GT is incorporated into the slice rephasing gradient (Figure 2.9). The frequency
of the tags is then kENC = γ
∫
GENC(t)dt. This terminology has been used here to
emphasize the similarity between SENC and conventional tagging or DENSE.
However most of the SENC literature refers to the encoding gradient GENC as
a tagging gradient GTAG, and the tagging frequency as wTAG rather than kENC
(similarly the tuning frequency is known as wT rather than kT ).
Through-plane stretching or compression of the slice causes the local tag fre-
quency (initially equal to kENC) to change with time (see Figure 2.10). The
time dependent frequency at each point is referred to as ν(t) and the Eulerian
through-plane strain at the time of imaging (t) is simply calculated as
E(t) =
kENCν(t)
ν(0)
(2.8)
The determination of strain in SENC imaging is therefore reliant on determin-
ing the altered tissue tag frequency ν(t). As with conventional tagging, during
the cardiac cycle the modulated magnetisation decays and a non-modulated
magnetisation increases due to T1 recovery so the magnetisation at time t is the
same as Equation 2.3 except with kENCx replaced with ν(t)z:
M(x,t) =M0(1− e−
t
T1 ) +
M0
2
e−
t
T1 e−iν(t)z +
M0
2
e−
t
T1 eiν(t)z (2.9)
During imaging, a tuning gradient along z, GT (t), is applied to demodulate the
magnetisation. The intensity of the image acquired is:
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1-1 SPAMM
Gread
Gphase
Gslice
RF
GENC
A B C
Encoding Imaging
ADC
GT
ADC
GT
ADC
GT
GC
GC
GC
Figure 2.9: Top: Sequence diagram for SENC showing a through plane 1-1
SPAMM module followed by a modified imaging sequence. GENC = encod-
ing gradient, GT = tuning gradient. Bottom: SENC images showing low tuning
(A), high tuning (B) and strain (C) images. Top reproduced with permission
from Simpson et al. (2013b), bottom images reproduced with permission from
Osman et al. (2001)
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kENC v(t)>kENC v(t)<kENC
Figure 2.10: The effect of through plane strain on SENC tags. Initially the tag
frequency is determined by kENC (left). If the tissue is then compressed the
frequency ν(t) is greater than kENC (middle), whereas if the tissue is stretched
ν(t) is less than kENC (right). From Osman et al. (2001)
I(t,kT ) =
∫ ∞
−∞
M(z, t)f (z)e−ikT zdz (2.10)
where f(z) is the slice profile and kT is the demodulating or tuning frequency,
kT = γ
∫
GT (t)dt. By using equations 2.9 and 2.10, we can rewrite the intensity
as
I(t,kT ) =M0(1− e−
t
T1 )F(kT ) +
M0
2
e−
t
T1F(kT + ν(t)) +
M0
2
e−
t
T1F(kT − ν(t)) (2.11)
where F(k) is the Fourier Transform of f(z) evaluated at frequency k (the fre-
quency profile). From Equation 2.11 we can see that the resulting image is a
superposition of three images, each weighted by the FT of the slice profile eval-
uated at a specific frequency. However, if the demodulating frequency kT is
chosen to be close to ν(t), F(kT − ν(t)) ≈ F(0) is large compared to F(kT ) and
F(kT + ν(t)) since it approximates to the central lobe of a sinc pulse, centred on
0.
Hence, as long as the maximum strain is not too large (i.e. kT ≈ ν(t)) the image
intensity can be approximated as
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I(t,kT ) ≈
M0
2
e−
t
T1F(kT − ν(t)) (2.12)
The inherently low SNR of the technique is a result of the factor of two reduc-
tion in the equilibrium longitudinal magnetisation (as in DENSE).
To estimate the local tag frequency, ν(t), two images are acquired with different
tuning frequencies, kLT and kHT , known as the low and high tuning frequencies
respectively. ν(t) can then be estimated as the discrete approximation to the
centre of mass of the image intensities acquired with the low and high tuning
frequencies at time t (ILT (t) and IHT (t) respectively)
ν(t) ≈ kLT | ILT (t) | +kHT | IHT (t) || ILT (t) | + | IHT (t) |
(2.13)
This is only valid provided that kLT and kHT cover all values of strain in the
image (Osman et al., 2001). Hence it is important to know the range of strains
expected before the acquisition is carried out. In the high tuning image, tissue
with high strain is bright while the low tuning image shows tissue with low
strain (Figure 2.9). Having calculated ν(t) at each pixel using Equation 2.13, a
strain map can be produced using Equation 2.8 with very little post-processing.
The values chosen for kLT , kENC and kHT depend on slice thickness (since the
strain map is directly proportional to the FT of the slice profile (Equation 2.10))
and the expected strain. In the original implementation, kLT = kENC = 0.40mm
−1
and kHT = 0.46mm
−1, corresponding to strains in the range of 0 − 13%, which
was suitable for the first 300ms of systolic contraction in normal hearts. Later
studies have used different values depending on the slice thickness used (i.e.
kLT = 0.30mm
−1 and kHT = 0.40mm−1 covering 0 − 25% strain in a 10mm slice
(Pan et al., 2006), kLT = 0.25mm
−1 and kHT = 0.38mm−1 covering 0−25% strain
in an 8mm slice (Ibrahim et al., 2007a)).The above calculation of strain assumes
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that the initial tags are only compressed or stretched (as in Figure 2.10). In prac-
tice, strain gradients within the image plane may cause tags to be tilted which
may affect the accuracy of the results. While this was taken into account in the
original SENC reference, in healthy volunteers this tilting has been shown to be
less than 15o (Osman et al., 2001) and it is consequently generally ignored.
2.4.2.1 Implementations
The original SENC sequence was implemented with segmented k-space gradi-
ent echo imaging to acquire a single systolic cardiac phase with a spatial reso-
lution of 1.9 × 3.8mm over two 16 heartbeat breath-holds, one for the low and
one for the high tuning image. Since then, interleaved spiral imaging trajecto-
ries have been used to increase the acquisition efficiency (Hamdan et al., 2009;
Neizel et al., 2009; Youssef et al., 2008) which, together with interleaving the
tuning images so that they are acquired in the same cardiac cycle, results in cine
imaging being performed with typical spatial resolution of 2− 2.5 × 2− 2.5mm
and temporal resolution of 15-25ms within a single 10-15 second breath-hold.
Fast-SENC has been developed to allow either real time imaging or imaging of
the whole heart within a breath-hold (Pan et al., 2006). This has been achieved
by using incrementing flip angles, a single-shot spiral readout trajectory, in-
terleaving the two tuning images and using spatially-selective tagging to allow
smaller fields of view without fold-over artefacts. Using this technique, real-
time imaging can be performed with a spatial resolution of 4 × 4 mm with the
interleaving of the two tuning images having minimal effect on strain measure-
ments, at least in healthy volunteers. Later work showed better image quality
when acquiring three shorter, interleaved spiral trajectories per cardiac cycle,
rather than a longer single-shot, due to decreased off resonance effects (Ibrahim
et al., 2007a).
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Fast-SENC has been combined with slice following (Fischer et al., 1994) to cor-
rect for tissue displacement in the through plane direction as the heart contracts
and relaxes (Ibrahim et al., 2007a), the measured strain values being corrected
for changes in slice thickness through the cardiac cycle. Slice-followed SENC
consistently showed significantly different strain values to non-followed SENC,
the differences being similar to those found between tagging and slice-followed
tagging acquisitions. Despite this, the slice following technique has not been
widely applied in subsequent studies, possibly due to increased noise.
A technique known as C-SENC combines conventional SENC imaging with
T1 weighted viability imaging following gadolinium administration (Ibrahim
et al., 2007b). Compared with a conventional SENC acquisition followed by a
viability acquisition, the scan time is halved and the fact that the functional and
viability images are acquired just milliseconds apart reduces misregistration is-
sues. However, because of the presence of gadolinium, the T1 of myocardium is
short and tag fading is rapid. C-SENC therefore cannot be used for a significant
fraction of the cardiac cycle.
Although SENC only measures through plane strain, it can be combined with
in-plane techniques to produce full 3D strain measurements. 3D strain maps of
the myocardium have been produced by combining the SENC with 2D DENSE
(Hess et al., 2009). SENC has also been combined with HARP to acquire ra-
dial, longitudinal and circumferential strains within a short axis slice in just six
heartbeats (although the full strain tensor could not be calculated as longitudi-
nal shear components could not be measured with this technique) (Garot et al.,
2004).
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2.4.3 Validation
Studies in healthy volunteers (Hamdan et al., 2009; Neizel et al., 2009) and pa-
tients (Garot et al., 2004; Korosoglou et al., 2009, 2010) have shown that peak
circumferential and peak longitudinal strains measured by SENC imaging are
highly reproducible with interobserver and interstudy interclass correlation co-
efficients ranging from 0.92 to 0.98 (all p < 0.001) (Hamdan et al., 2009). Peak
circumferential strain and strain rate measured with fast-SENC also show low
intra and inter-observer variability (Korosoglou et al., 2008) and good agree-
ment with SENC imaging in the right ventricle (R = 0.86 for circumferential
strain and 0.90 for longitudinal strain) (Shehata et al., 2010).
Several studies have been carried out to validate measurements from SENC
imaging against those from conventional tagging. A comparison between con-
ventional 3D tagged MRI (reconstructed from multiple short axis and long axis
acquisitions) and SENC imaging in patients with myocardial infarction (Garot
et al., 2004) found a correlation of R = 0.75 for pooled E11 values. However,
while no systematic differences were seen between the two techniques, the lim-
its of agreement were high relative to the absolute values of strain being mea-
sured (approx −5.8% to +5.8%). In a more recent study of 75 healthy volun-
teers, poor correlation (R = 0.3) was found between the circumferential strain
measured by tagging and SENC imaging (Neizel et al., 2009), with limits of
agreement of −8.1% to 5.6%. The mean circumferential strain in this cohort
was around 20%, consistent with the results of previous studies in healthy vol-
unteers (Ibrahim et al., 2007a; Korosoglou et al., 2008). In this case, it was
thought that the low correlation was possibly due to the limited variance of
strain values in the study cohort. The authors also noted that peak circumfer-
ential strain values measured with SENC were higher than the corresponding
peak values measured in tagging studies, possibly due to the higher temporal
resolution achieved by SENC imaging.
Chapter 2. MR methods of measuring regional myocardial mechanics 107
In contrast to SENC, fast-SENC has been found to correlate well with tagging
in both healthy volunteers and patients with heart failure (Korosoglou et al.,
2008) (peak circumferential systolic strain: R = 0.90 and early circumferential
diastolic strain rate: R = 0.91, p < 0.001 for both). However in a study com-
paring tagging and fast-SENC in the right ventricular free wall, no significant
correlation was found for ECC measurements in healthy volunteers with poor
limits of agreement (mean difference ± 2SD = 0.8% ± 12.6%) (Shehata et al.,
2010). This could potentially be due to the thickness of the RV being of a sim-
ilar order to the tag spacing, making conventional tagging inaccurate for RV
measurements. This observation is backed up by the fact that in patients with
hypertrophied RVs, a statistically significant, though moderate, correlation was
found (R = 0.5).
SENC has been compared to echocardiographic speckle tracking (see Sections
1.3.1.2 and 1.5.1.2) and both techniques could detect significant differences in
motion between healthy and abnormal motion (defined by visual analysis). The
two techniques performed similarly for measurements of peak circumferential
and longitudinal strain, however speckle tracking allowed better distinction be-
tween normal and abnormal segments via circumferential strain analysis than
SENC (Altiok et al., 2012). Peak ECC measurements made with SENC were sig-
nificantly higher than were measured with SPAMM at 3T (Sugimori et al., 2013)
probably because of the higher spatial resolution of SENC.
2.4.4 Normal motion
SENC imaging is capable of reliable quantification of regional myocardial sys-
tolic and diastolic function, detecting slightly heterogeneous myocardial strain
within LV segments, an observation that agrees well with tagged MRI results
(Neizel et al., 2009) (Table 2.1). While peak systolic circumferential and lon-
gitudinal strain showed no age or gender related difference in this study of a
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healthy subject group (n = 75), it was noted that the peak early diastolic cir-
cumferential strain rate was lowered amongst older volunteers. A study in 16
healthy subjects found peak ELL and ECC to be highest at apex (agreeing with
earlier tagging studies (Kuijer et al., 2002; Moore et al., 2000)), and occurs ear-
liest at base (Hamdan et al., 2009).
SENC has also been used to investigate normal RV motion, finding that peak
systolic longitudinal strain values are highest at the apex and base, with a
pronounced decrease in the mid ventricle, and maximal systolic circumferen-
tial strain showed the highest values at the apex. Peak systolic longitudinal
and circumferential shortening occurred earliest at the apex (Hamdan et al.,
2008). Peak ECC values in 21 volunteers have been measured as −20.4 ± 2.9%,
−18.8±3.9% and −16.5±5.7% in the basal, mid and apical segments respectively
(Youssef et al., 2008).
2.4.5 Clinical applications
In patients following myocardial infarction, systolic and diastolic peak systolic
ECC and early diastolic ECC-rate have been shown to provide similar accuracy
for prediction of persistent severe myocardial dysfunction at follow-up com-
pared with late gadolinium enhancement imaging (the current gold standard)
and so to provide potential new parameters for the assessment of viability in
patients after acute myocardial infarction (Neizel et al., 2010). Strain param-
eters derived from SENC imaging have also been shown to detect inducible
ischemia in patients with known or suspected coronary artery disease during
dobutamine high stress MRI and to provide incremental value to conventional
wall motion analysis from cine acquisitions (Korosoglou et al., 2009). In par-
ticular, strain rate reserve (defined as the ratio of circumferential peak sys-
tolic strain rate during peak dobutamine stress to that at rest) was significantly
(p < 0.001) related to coronary artery stenosis severity (R = 0.75) and a cut off of
Chapter 2. MR methods of measuring regional myocardial mechanics 109
1.64 was shown to be a highly accurate marker for the detection of significant
(≥ 50%) stenosis. A further study showed that SENC imaging could detect coro-
nary artery disease (on a patient level) during intermediate stress with a similar
diagnostic accuracy to cine wall motion analysis at peak dobutamine stress, po-
tentially reducing the risk to patients by lowering the stress level needed for
diagnosis (see Figure 2.11). Strain rate reserve was again shown to be a highly
sensitive marker for the detection of inducible ischemia and showed significant
decreases in the presence of even moderate stenoses of 40 to 60% (Korosoglou
et al., 2010).
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Figure 2.11: SENC imaging can detect inducible ischemia at lower stress levels
than is possible for standard cine imaging. The colour scale represents pixel-
wise through plane strain values with red representing high strain and grey
representing low strain. At intermediate stress a clear strain defect can be seen
in the SENC images (white arrow). Yellow arrow heads indicate signal voids.
Reproduced with permission from Korosoglou et al. (2010).
Real-time fast-SENC has identified differences in peak systolic ECC and early di-
astolic ECC-rate between normal and dysfunctional segments in patients with
heart failure (Korosoglou et al., 2008) and has been shown to be capable of
identifying old myocardial infarction and differentiating subendocardial from
transmural infarction (Oyama-Manabe et al., 2011) (reduced peak ECC and
ELL). In the RV, it has been used to show a reduction in peak systolic ECC at
the base and reduced peak systolic ELL at all levels in patients with pulmonary
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hypertension compared with healthy volunteers (Shehata et al., 2010).
C-SENC identified similar infarct regions to late gadolinium enhancement (LGE)
images (90±4% of the pixels identified as infarct in LGE were also identified as
infarct by C-SENC) but with higher blood-infarct contrast to noise ratio (CNR
was 30± 3.2 for C-SENC and 11± 2.1% for LGE) (Ibrahim et al., 2008).
2.5 Comparisons
While the techniques have been discussed separately, were developed sepa-
rately, and produce images with very different appearances, HARP, DENSE and
SENC are mathematically very similar. Each uses a 1-1 SPAMM tagging module
to produce 3 peaks in k-space. In simple versions of HARP and DENSE either
the left or right peak is then isolated for processing, although more sophisti-
cated techniques combine both left and right peaks and may suppress or filter
other peaks which would otherwise lead to artefact.
For HARP the selected peak is situated away from the centre of k-space, and
phase reconstruction results in a distinctive tag-like phase variation across the
image. For conventional DENSE, the decoding gradient shifts the selected peak
to the centre of k-space which eliminates the tag-like appearance, and the image
phase is directly proportional to displacement. Similarity between HARP and
DENSE is highlighted further in the sav-DENSE variation which uses the exact
HARP sequence of gradients (i.e. there is no decoding gradient) but which then
treats each half of k-space separately (see Figure 2.12).
Like DENSE, SENC is a STEAM technique but with magnetization modulation
in the through-plane, rather than the in-plane, direction. However, rather than
encoding displacement in the phase of the image, SENC requires the acquisition
of two datasets with different demodulating gradients and, as discussed previ-
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Figure 2.12: The similarities between HARP and DENSE. Although the initial
encoding and final images are different, the k-space of the two techniques is
very similar. The similarity is highlighted by the sav-DENSE technique which
uses a standard HARP sequence but manipulates k-space to result in DENSE
images. HARP images reproduced with permission from Osman et al. (1999),
DENSE images from Kim et al. (2004a).
ously, the displacement information is obtained directly from the magnitude
images.
There are also similarities between the phase velocity mapping and DENSE
techniques in that phase velocity mapping may be regarded as the encoding of
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displacement over a short period of time (the time between the two lobes of the
bipolar pulse). While displacement could be encoded over longer time intervals
(by increasing the time between the gradient lobes), T2* signal loss would make
this unfeasible. By using a STEAM acquisition, DENSE enables displacement to
be encoded over longer time intervals with signal loss resulting from slower T1
decay, rather than T2* decay. In phase velocity mapping, the bipolar gradients
are effectively the same as the encoding and decoding gradients in DENSE. En-
coding and decoding is repeated many times throughout the cardiac cycle over
times which are short enough to assume a constant velocity between the gradi-
ent lobes. In DENSE however, displacement is encoded once then decoded one
or more times through the cardiac cycle to measure displacement over intervals
where the constant velocity assumption is no longer valid.
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2.5.1 Need for improvements
The above methods are all capable of measuring certain aspects of myocardial
mechanics. However they each have limitations and none of the techniques is
yet widely used as a clinical tool. Tissue tagging is visually appealing, however
conventional image-based analysis is slow and the spatial resolution of tagging
is limited to the tag spacing. While the spatial resolution of HARP is higher
than the tag spacing, it is still limited due to the use of k-space filters, a pro-
cess which also reduces SNR. DENSE and SENC share this issue, while SENC
has the additional disadvantage that it can only measure through plane strain.
Tagging (with or without HARP), DENSE and SENC all suffer from tag fading
which limits them to analysing the first two thirds of the cardiac cycle. The
main advantages and disadvantages of each of the techniques can be found in
Table 2.2.
PVM stands out from the other techniques as it requires no filtering of k-space
(allowing higher spatial resolution to be acquired) and is not inherently limited
to fractions of the cardiac cycle by tag fading. Although it does not measure de-
formation in the same way as the other techniques, myocardial velocities mea-
sured by TDI (see Section 1.3.1.1) are already used clinically and so it is clear
that there is useful information to be gained from PVM in many clinical con-
texts. PVM can also measure three directions of motion from a single imaging
slice (unlike conventional tagging or SENC). Despite the potential, previous
sequences that have been used to acquire myocardial PVM data have not ex-
ploited the advantages of the technique fully, limiting its clinical applicability.
The use of prospective cardiac gating in all previous work has meant that de-
spite not suffering from tag fading, PVM has been unable to analyse the entire
cardiac cycle. The use of retrospective cardiac gating would allow analysis of
atrial systole with PVM (a part of the cardiac cycle which is inaccessible to the
other MR techniques due to tag fading), which contributes to 20 or 30 percent of
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LV filling in healthy motion and is more important in the presence of diastolic
dysfunction (Leong et al., 2010).
The application of PVM in a clinical context is currently limited by the use of
Cartesian imaging which is an inefficient way to cover k-space. Imaging within
a breath-hold ensures a short scan time, however the resolution that could be
acquired clinically within a breath-hold with current sequences is very low and
would limit the usefulness of the data. Current breath-hold techniques report
resolutions of 2.7x1.3mm and 37-87ms (with view sharing) in healthy volun-
teers depending on breath-hold duration (17-29 heartbeats) (Petersen et al.,
2006), however these breath-hold times would be difficult to achieve in many
clinical cases. Limiting the sequence to a clinically acceptable breath-hold time
could lead to severe underestimation of peak velocities due to unacceptably low
temporal resolution.
While the temporal resolution has been greatly improved by using respiratory
navigator gating (for example 2.7x1.3mm and 13.8ms with view sharing) (Jung
et al., 2006a), allowing fine details of motion to be seen in both healthy volun-
teers (Codreanu et al., 2010; Delfino et al., 2008b; Föll et al., 2010) and patients
(Codreanu et al., 2011a; Delfino et al., 2006; Föll et al., 2009), scan times are
long, taking typically 5 minutes per slice to acquire. Including these acqui-
sitions within a clinical workflow would extend the scan time by at least 15
minutes (to acquire three slices) which is unfeasible in many cases.
By using a more efficient k-space trajectory, high resolution navigator gated im-
ages could be acquired within an acceptable time for incorporation into a rou-
tine clinical workflow, while the resolution of breath-hold acquisitions could
be improved so that they too could be clinically useful. The aim of this PhD
project is to acheive these aims by developing a retrospectively gated PVM se-
quence using spiral k-space trajectories in order to analyse three directional
velocities over the entire cardiac cycle. The following chapter gives technical
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background about the various developments that are necessary to achieve this.
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Chapter 3
Technique Development
3.1 Introduction
This chapter is split into three sections; Sequence Development, Image Recon-
struction and Analysis.
Two versions of a myocardial velocity mapping sequence have been developed
for use in healthy subject and clinical studies - a high resolution, navigator
gated version and a lower resolution, accelerated, breath-hold version. The
sequences have been implemented on a 3T Siemens Skyra scanner (Siemens
Medical Solutions, Erlangen, Germany) by heavily adapting an existing phase
velocity mapping sequence. All gradients and RF pulses have been redesigned
for the project, and the looping structure of the sequence has also been changed.
The image reconstruction has been implemented using the Siemens Image Cal-
culation Environment (ICE) and, for the breath-hold reconstruction, the Gad-
getron GPU system (Hansen et al., 2012) was used for non-Cartesian SENSE
reconstructions.
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Analysis tools were developed from scratch using MATLAB (The Mathworks,
Natick, MA, USA).
3.2 Sequence Development
Figure 3.1 shows the sequence diagram for the navigator gated sequence with
the looping structure for the acquisitions shown in the two diagrams beneath.
The breath-hold version is the same except there is no respiratory navigator and
the spiral design is different, as discussed later. The following sections describe
the background and implementation of each of the parts of the sequence as
highlighted in the sequence diagram. In the following discussion ‘Z’ refers to
the through-plane direction while ‘X’ and ‘Y’ refer to the two perpendicular
in-plane directions.
3.2.1 Respiratory navigator
3.2.1.1 Background
MR images are generally acquired over a period of time ranging from a few
hundred milliseconds (low temporal and spatial resolution single-shot data)
to several minutes (higher temporal and spatial resolution segmented data).
When imaging the heart, dealing with motion is one of the main obstacles to
overcome; not only does the heart contract in a complex manner during the
cardiac cycle, but the whole heart moves during the slower respiratory cycle.
While real-time imaging is showing great potential, particularly for those pa-
tients who struggle to hold their breath or who have arrythmias (Feng et al.,
2012), the resolution that can be acquired is currently too low for many appli-
cations. Various methods have been proposed to reduce or remove the problems
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Figure 3.1: Top: Sequence diagram of the navigator gated version. Middle: Ac-
quisition structure over a single heartbeat with black blood pulses every three
repeats and a navigator at the beginning of the cycle (not present in breath-hold
version). Bottom: Acquisition structure over several heartbeats with reference
(REF) and velocity encoded (X, Y and Z) data being acquired on consecutive
heartbeats.
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of cardiac and respiratory motion in order to be able to image the heart effec-
tively and a comprehensive review of these methods can be found in Scott et al.
(2009). The detrimental effects of cardiac motion are usually eliminated by ECG
triggering (see Section 3.3.2) and imaging within multiple short periods in the
cardiac cycle. The effects of respiratory motion are more difficult to overcome
and numerous methods have been proposed and applied, as discussed briefly
below.
Early MR studies did not take respiratory motion into account, and averaging
was used to reduce the effects of motion (Higgins et al., 1985; Steiner et al.,
1983). As improvements in scanner hardware and sequence design reduced ac-
quisition times, scans became short enough to acquire while the subject held
their breath, thereby removing any respiratory motion. However this limits the
spatial resolution, temporal resolution and SNR to that which can be acquired
in a reasonable breathhold duration (Atkinson and Edelman, 1991). Higher res-
olutions can be obtained by completing a single scan over several breathholds
(Feinberg et al., 1985), however this leads to possible issues due to misregis-
tration of different breathhold positions. Another problem is that the breath-
hold itself may affect the functioning of the heart. Towards the end of a long
breathhold, for example, the heart rate is seen to increase which could affect
measurements. These issues have been reduced with patient feedback (Wang
et al., 1995) although with limited success.
In order to get higher resolution images, the respiratory cycle can be monitored
and imaging can be performed only at certain times when the motion is limited
- this is known as respiratory gating. End expiration is the most common gating
position as it is more stable than end inspiration (Holland et al., 1998). Moni-
toring of the respiratory cycle can be achieved by measuring the position of the
chest using a belt or respiratory bellows (McConnell et al., 1997; Wang et al.,
1995), measuring inspired and expired gases (Ehman et al., 1984), or moni-
toring the position of the diaphragm using MR images known as navigators.
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Figure 3.2: Example navigator trace showing a series of 1D images acquired
during normal breathing. The motion of the diaphragm can be seen as the
height of the bars changes. The heavy white lines show detected edges which
lie within the predefined acceptance window (dotted box).
Navigators are typically played out once per cardiac cycle immediately before
image data is acquired and generally involve exciting a column of tissue that
passes through the dome of the right hemi-diaphragm.
Spiral excitation trajectories can be used to excite a column of tissue (Cline
et al., 1991) or a crossed pairs spin echo sequence can be used (Ehman and
Felmlee, 1989). When the latter is used the 90o and 180o pulses are played out
in two intersecting planes, and a spin echo is generated from only the column
of tissue affected by both pulses (Feinberg et al., 1985). The readout gradient is
then aligned along the column length and the position of the diaphragm can be
measured automatically in the 1D navigator image by edge detection, correla-
tion or least squares fit algorithms (Wang et al., 1996a). The measured position
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can be used to trigger or gate acquisitions depending on whether the diaphragm
is within the desired range at that time or not. An example navigator trace (one
per cardiac cycle), showing a series of 1D navigator images over time, is shown
in Figure 3.2.
The gating window is defined by using a separate scout acquisition where the
navigator sequence is played out repeatedly (every few hundred milliseconds)
for a number of respiratory cycles and the end expiration position is measured.
An acceptance window of a set size is then placed around this position. The size
of the acceptance window determines howmuch respiratory motion is accepted
and therefore determines the respiratory efficiency - the percentage of acquired
data which is used in the final images. The choice of window size is therefore
a compromise between respiratory efficiency (and hence scan length) and final
image quality. A typical window size of 5mm leads to an efficiency of around
40% (Taylor et al., 1999).
Most navigator gated acquisitions in clinical cardiovascular MR acquire data
at a single time point in the cardiac cycle and it is assumed that the navigator
position determined immediately before data acquisition reflects the respira-
tory position at the time of the data acquisition. Typically a single navigator
is acquired per R-R interval and its position is used to determine whether data
acquired in that heartbeat is used for the final image (known as a prospective
acceptance-rejection algorithm (ARA)) (Oshinski et al., 1996; Sachs et al., 1994).
For long readout times, or for cine-imaging, respiratory motion within the data
acquisition period may still degrade image quality. This has been shown in
a coronary artery imaging study comparing images acquired 100ms after the
navigator with images acquired just 20ms after the navigator. Image quality
(both by visual scoring and by quantitative measures of contrast to noise ratio)
significantly improved for the shorter delay period (Spuentrup et al., 2002). To
deal with this problem two navigators can be acquired, one at either side of
the imaging window, and both can be used to decide whether data is accepted,
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ensuring that very little motion can occur during imaging (Wang et al., 1996b).
However this reduces the respiratory efficiency as more data is rejected.
A fixed navigator acceptance window can result in a very inefficient scan (or
even a scan which fails to complete) if the subject’s breathing drifts during
imaging. Algorithms which adapt the gating window position or the acqui-
sition order in real time can be used to make sure the acquisition is completed
as efficiently as possible, examples are PAWS (phase ordering with automatic
window selection) (Jhooti et al., 2000), MAG (motion adapted gating) (Sinkus
and Börnert, 1999) and CLAWS (continuously adaptive windowing strategy)
(Jhooti et al., 2010).
Another way to improve the efficiency of navigator gated scans is to use biofeed-
back - the subject can be informed when the diaphragm is in the correct position
either by an auditory signal (Wang et al., 1995) or by displaying the navigator
trace (Liu et al., 1993). The navigator trace can be represented in a game-like
interface to improve patient compliance (Jhooti et al., 2011).
3.2.1.2 Implementation
A crossed-pair spin-echo based respiratory navigator has been used to monitor
the position of the diaphragm (see Section 3.2.1). It is only used for the high res-
olution images since the breath-hold acquisitions have no need for respiratory
motion compensation.
When the navigator sequence is being played out, no imaging data can be col-
lected. In order that as much of the cardiac cycle as possible is imaged, the nav-
igator has been adapted to make it as short as possible. This has been achieved
by using shorter RF pulses (which have a less sharp slice profile) and by short-
ening the echo time of the navigator sequence (6.8ms compared with 20.5ms
for the original navigator sequence).
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Figure 3.3: Shortened (left) and original (right) navigator sequence diagrams
(top) and navigator traces acquired from the same subject (bottom). The short-
ened sequence takes just 9ms plus 10ms feedback time, whereas the original
sequence takes 30ms plus 10ms feedback time.
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The shortened sequence can be seen in Figure 3.3 along with the original se-
quence. The changes implemented have reduced the time taken to play out the
navigator sequence from 30ms to just 9ms (in each case 10ms feedback time
is needed after the navigator sequence is played out). The figure also shows
example navigator traces taken with the original and shortened navigator se-
quences in the same subject. Despite the less precise excitation profile and the
lowered SNR (average SNR for the original sequence is 5.64 and for the short-
ened sequence is 3.55), the shortened navigator sequence is clearly capable of
consistently tracking respiratory motion.
3.2.1.2.1 Modified navigator algorithm During preliminary testing it was
seen that a single navigator per cardiac cycle was not sufficient to repress respi-
ratory motion over the entire cardiac cycle as significant respiratory motion can
occur during a heartbeat. This can be seen in the top images of Figure 3.4 which
show that a conventional prospective accept-reject algorithm allows motion to
corrupt the later images, blurring the images towards the end of the cardiac
cycle (shown by white arrows). This is particularly apparent in subjects with
long RR durations. A modified, stricter, criterion was therefore used in order to
remove this residual respiratory motion.
The modified algorithm requires the navigator for the current and following
heartbeat to be within the acceptance window in order for data acquired in
that heartbeat to be used for the final images (this differs from conventional
before and after gating which acquires two navigators in each cardiac cycle and
would therefore further reduce the time available for imaging). Implementing
this required significant alterations to the navigator reconstruction code. In
a conventional single-navigator accept-reject algorithm the navigator informa-
tion acquired in one heartbeat is used to decide what data to acquire in the fol-
lowing heartbeat, whereas for this modified algorithm the information is needed
for the current heartbeat.
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Figure 3.4: Early (left) and late (right) frames from navigator gated cine acqui-
sitions with a single navigator per cardiac cycle. The top images were acquired
with the conventional accept-reject algorithm while the bottom images were ac-
quired with a modified, stricter algorithm. The white arrows indicate areas in
the image which are corrupted by unsuppressed respiratory motion when using
the conventional accept-reject navigator algorithm.
While use of the modified algorithm improves image quality, respiratory ef-
ficiency is reduced as can be seen in Figure 3.5. In this Figure an example di-
aphragmmotion trace is shown in the middle along with an acceptance window
(green box). At the top, the progression of the sequence according to the con-
ventional algorithm is shown (green arrows show heartbeats from which data is
accepted into the final images). At the bottom, the progression using the modi-
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Figure 3.5: The effect of the modified navigator algorithm on the efficiency of
the technique. The progression of the scan for the same respiratory motion is
shown for the conventional accept reject algorithm (top) and the modified algo-
rithm (bottom). Green arrows show accepted data, red arrows indicate data that
is accepted by the conventional algorithm but not by the modified algorithm.
fied algorithm is shown (red arrows show heartbeats which were accepted with
the conventional algorithm but are rejected with the modified algorithm). After
the twelve heartbeats shown the conventional algorithm has progressed much
further through the acquisition and hence the respiratory efficiency is much
higher than the modified algorithm. However data from three heartbeats with
significant respiratory motion have been accepted and this data will corrupt the
final image. The decrease in efficiency depends on the breathing pattern of the
subject and on the time between navigators (RR duration). If the end expiratory
pause is shorter than the RR duration the scan will never complete, whereas if
the pause is much longer than the RR duration the efficiency will not be affected
as much.
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In order to increase the efficiency of the navigator technique, and therefore keep
the scan duration to a reasonable time, a biofeedback mechanism in the form of
a screen at the back of the scanner room was used to display the navigator trace
to the subject during image acquisition. The volunteers can therefore guide
their breathing into the acceptance window and so complete the scan either by
slow and steady breathing or by a series of short breath-holds.
3.2.2 Water excitation
3.2.2.1 Background
MRI relies on the fact that hydrogen nuclei within water will all precess at the
same frequency when in the same magnetic field. However, hydrogen nuclei
which are in different chemical environments will precess at different frequen-
cies, a phenomenon known as chemical shift. While the majority of hydrogen
nuclei within the body are contained within water, a significant number are also
found in fat. They precess at a different frequency to the hydrogen in water and
can therefore cause problems for imaging due to off resonance effects, particu-
larly for imaging techniques with long readout times like EPI or spiral trajecto-
ries. In Cartesian imaging off resonance effects lead to a simple translation of
the signal in the readout direction while for other trajectories the effect is more
complicated. Therefore there is a need for imaging in a way which reduces the
signal from fat and hence reduces the artefacts caused by off resonance. Several
techniques have been developed to accomplish this (Bley et al., 2010).
For imaging at a single time point in the cardiac cycle, inversion recovery can
be used to suppress fat signal. An example is Short T1/Tau Inversion Recovery
(STIR) (Bydder et al., 1985) which exploits the short T1 of fat (around 260ms
at 1.5T) compared with other tissues (for example myocardial T1 is closer to
1000ms). In STIR imaging all of the longitudinal magnetisation is inverted and
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then imaging takes place at the point when the longitudinal magnetisation of
fat is passing through the null point. This effectively eliminates the signal from
fat, however some of the water signal is also lost (around 40-50% (Bley et al.,
2010)). The technique is reliable and insensitive to B0 inhomogeneity, although
it can be sensitive to B1 inhomogeneities if an adiabatic inversion pulse is not
used. In addition image contrast is affected by this method of fat suppression
as the resulting images will be inherently T1 weighted.
Spectrally selective RF pulses can also be used to excite fat before using crusher
gradients to spoil the resulting transverse magnetisation. Conventional imag-
ing then follows before the fat magnetisation has time to recover with the result
that no fat signal is acquired (Haase et al., 1985). However these techniques are
sensitive to B0 and B1 inhomogeneity which can lead to incomplete suppression
of fat signal or even accidental suppression of water signal.
Dixon’s two point method involves acquiring two images with different echo
times, one with fat and water in phase, and one with fat and water 180o out
of phase. These images can then be combined to produce images with only fat
or with only water signal (Dixon, 1984). Extensions to the original two-point
technique (Glover, 1991; Glover and Schneider, 1991) deal with B0 sensitivity.
However they are not suitable for cine imaging, and they require complicated
reconstruction.
Rather than suppressing fat signal, water excitation uses a binomial series of
RF pulses to excite only a selected spectral band of frequencies centred on the
frequency of water (Levitt, 1986; Meyer et al., 1990; Schick, 1998), and in this
way avoid exciting fat. A water excitation consists of a series of RF pulses sep-
arated by a time τ. The ratio of flip angles follows a binomial sequence while
the sum of the flip angles is the desired flip angle φ. If τ is chosen so that the
off resonance frequency of fat is 12τ then while the magnetisation of water will
not nutate at all (in the rotating frame of reference) between pulses (because it
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is at the resonance frequency), fat will nutate by pi radians between each pulse.
This effectively means that at the end of the excitation water has been flipped
by φ where as fat has been flipped by
α
n∑
j=0
(−1)j
(
n
j
)
. (3.1)
α is a normalisation factor which ensures that the sum of the flip angle magni-
tudes is φ. The nutation between each pulse of pi radians effectively reverses the
direction of the next flip angle (hence the (−1)j factor), and (nj ) is the binomial
coefficient. This sum is equal to zero (which can be proved by induction, see
Appendix A), so fat is not excited at all, which is the desired result.
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Figure 3.6: The effect of a 1-3-3-1 water excitation (RF pulses separated by time
τ with respective flip angles shown at the top) on water (black lines) and fat
(grey lines). In each case the solid line represents the current magnetisation
and the dotted line represents the previous magnetisation.
This process is shown diagrammatically for a 1-3-3-1 water excitation with a
total flip angle of pi2 in Figure 3.6. Before the first pulse both water and fat
magnetisation point along the longitudinal direction. After the first pulse both
have been flipped by pi16 . Before the next pulse the fat has nutated by
pi
2 , while
water has not changed. The process continues in this way with fat nutating pi2
between each pulse. By the end of the excitation water is flipped by pi2 but fat
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has returned to the longitudinal direction and hence contributes no signal.
While any series of appropriately separated binomial pulses will have this ef-
fect, the longer the train is, the more precise the frequency response will be and
hence the more specific the excitation (Bernstein, 2004). However this will ob-
viously extend the repeat time of the sequence so long trains are not acceptable
for cine imaging. Water excitation is most commonly used with long readout
imaging techniques such as spiral or EPI (Schick et al., 1998).
3.2.2.2 Implementation
As shown in the previous section, any series of binomial RF pulses with appro-
priate time separation can be used to excite only water and not fat. The shortest
of these is a simple 1-1 pulse which uses two RF pulses of equal magnitude.
This adequately removes fat signal and has been used in both sequences so that
the repeat time of the sequence is kept as short as possible. The water excitation
RF pulses and gradients can be seen in Figure 3.7.
The two RF pulses are the same, each with a flip angle of half the total user-
defined flip angle and a bandwidth time product of 1.996. The time separation
of the RF pulses is 1.2ms. This time is calculated such that the fat accrues a
phase of pi radians between the pulses:
Water-fat separation ≈ 420Hz (3.2)
time to accrue pi phase =
pi
420Hz× 2pi = 1.2ms. (3.3)
G1 and G3 are the slice select gradients and their amplitude is calculated based
on the user-defined slice thickness. G2 and G4 are then calculated automat-
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Figure 3.7: 1-1 binomial water excitation. The RF separation is such that the
difference in phase between water and fat is pi radians (1.2ms at 3T). The gradi-
ents are calculated so that the areas shaded in the same greyscale are equal.
ically such that the areas shaded in equal greyscale are equal. They are con-
strained in such a way that the slew-rate never exceeds the maximum possible
slew rate.
3.2.3 Black blood pulse
3.2.3.1 Background
Phase velocity mapping is typically used to measure blood flow and hence good
blood signal is required. However, when measuring myocardial velocities, high
blood signal can be detrimental, making the myocardium-blood boundary hard
to segment, causing aliasing of the much higher velocities in blood than in my-
ocardium, and causing artefacts due to beat-to-beat variations in blood flow.
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Figure 3.8: The effect of a black blood pulse in Cartesian phase velocity map-
ping (the phase encoding direction is anterior to posterior). The artefact caused
by beat to beat variations in blood flow can be seen in the ‘no sat’ magnitude
images and velocity maps but is removed by the black blood pulse as can be
seen on the ‘with sat’ images and velocity maps. From Drangova et al. (1997).
For Cartesian imaging this causes ghosting in the phase encoding direction
(see Figure 3.8). Removing this artefact using a black blood pulse has been
shown to improve the reproducibility (P<0.001) of myocardial motion mea-
surements in the areas affected by the ghosting (Drangova et al., 1997). For non
Cartesian imaging strategies the artefacts may be less coherent (for example
the ’swirl’ artefact in spiral imaging) but may still affect measurements in the
myocardium.
Black blood images are usually obtained by using single (Mayo et al., 1989) or
double (Edelman et al., 1991) inversion recovery methods, which rely on the
fact that blood flows out of the imaging slice between magnetisation prepara-
tion and imaging. Imaging occurs at a set time known as the inversion time
(TI) after magnetisation preparation at which point the signal from blood flow-
ing into the slice is nulled. While this can produce good blood suppression for
techniques which image at a single point in the cardiac cycle, it is not appro-
priate for cine imaging where constant suppression of blood signal is required.
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Instead, a black blood saturation pulse can be used.
The black blood pulse works by exciting slabs of material on either side of the
slice to be imaged and then dephasing the magnetisation with a large spoiler
gradient. The result is that the imaging slice is untouched while the blood on
either side is saturated. If the black blood pulse is repeated at short enough in-
tervals the result is that saturated blood flows into the imaging slice and no sig-
nal is received from blood during data acquisition (Felmlee and Ehman, 1987).
3.2.3.2 Implementation
The blackblood pulse used can be seen in Figure 3.9 and was developed by the
Freiburg group (Hennig et al., 1998). It is designed by adding together a 90o
pulse acting on a 4cm thick slab centred on the imaging slice and a −90o pulse
acting on an 18cm thick slab, also centred on the imaging slice, with the result
that a central 4cm slab is unaffected while 7cm slabs on either side receive a
−90o excitation, the signal from which is then dephased (see Figure 3.9). The
total time taken to play out the black blood module is 6.5ms.
The benefits of using the blackblood pulse for spiral imaging can be seen in
Figure 3.10. The top images have no blackblood pulse whereas the bottom im-
ages have blackblood pulses played out on every other phase. The images are
taken from early diastole when there is a lot of blood flow into the left ven-
tricle. Beat to beat variations in this flow cause artefacts that can be seen in
both the magnitude images (left) and velocity maps (right) when black-blood
pulses are not used. Instead of the ghosting seen with Cartesian trajectories
(see Figure 3.8), these artefacts are seen as ‘swirling’ throughout the image. Re-
moving the blood signal removes these artefacts and also makes defining the
bloodpool-myocardium boundary easier.
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Figure 3.9: Top: Black blood pulse with associated gradients. Bottom: Expla-
nation of the black blood pulse slice profile. The combination of two pulses
with different slice profiles and opposite excitation direction results in slabs on
either side of the imaging slice being excited while the imaging slice itself is not
excited.
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Figure 3.10: Top: Magnitude image and velocity map taken from early diastole
without black blood pulses. Artefacts due to beat-to-beat variations of blood
flow can be seen as ‘swirling’ throughout the images, while aliasing due to high
blood velocities is seen in the velocity maps. Bottom: By using black blood
pulses the artefacts are removed.
3.2.3.3 Frequency of black blood pulses
The black blood pulse increases the repeat time of the sequence so it is advanta-
geous to play it out as little as possible. The effect of the blackblood pulse lasts
until either blood outside of the saturated bands starts to reach the imaging
slice, or the blood signal recovers due to T1 recovery. The design of the black
blood pulse is such that the saturated region is about 7 cm thick on either side of
the unsaturated region. At a maximum healthy filling blood velocity of around
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85cm/s (Appleton et al., 1988), unsaturated blood would take approximately
80ms to reach the imaging slice. The T1 of blood at 3T is around 1500ms (Lu
et al., 2004) so in this time the blood would only have recovered to around 5% of
its unsaturated value. Theoretically therefore the black blood pulses should be
played out at least every 80ms in order to ensure no unsaturated blood reaches
the imaging slice at any point in the cardiac cycle.
In order to decide how often the blackblood pulse should be played out in prac-
tice, mid ventricular short axis slices were acquired five times with different
blackblood frequencies in three healthy volunteers with a preliminary sequence
version. The blackblood pulse was played out on every phase (BB1), every other
phase (BB2), every third phase (BB3), every fourth phase (BB4) and without any
black blood pulses (BB0). K-space was covered using 11 spiral interleaves each
of 17ms duration, leading to an acquired temporal resolution of 35ms and ac-
quired spatial resolution of 1.95x1.95mm. This version of the sequence used
prospective cardiac gating and only acquired through plane velocities (with a
VENC of 30cm/s), allowing acquisition within a 23 second breathhold. The TR
was kept constant whether or not a black blood pulse was being used on that
repeat - when black blood pulses were not used, a delay of the same duration
was inserted. Slice thickness was 10mm and a 1-1 water excitation was used
with flip angle of 15 degrees.
The images were analysed quantitatively and qualitatively to decide how often
the black blood pulse should be played out.
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Figure 3.11: Global longitudinal velocities from all three volunteers acquired
with different blackblood frequencies
3.2.3.3.1 Results The global myocardial velocities measured from the acqui-
sitions with BB0 to BB4 from all three volunteers are shown in Figure 3.11. The
features of the curves are similar in all cases but some differences in peak ve-
locities are seen between the different acquisitions. However peak velocities are
not affected consistently by reducing the blackblood frequency.
teer 1 Volunteer 2 Volunteer 3
Figure 3.12: Images from different blackblood frequencies
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Figure 3.13: Bloodpool signal magnitude over the cardiac cycle for different
blackblood frequencies
BB1 BB2 BB3 BB4
Volunteer 1 0.12 0.18 0.21 0.25
Volunteer 2 0.15 0.17 0.19 0.21
Volunteer 3 0.18 0.22 0.26 0.33
Table 3.1: Ratio of maximum bloodpool signal with different blackblood fre-
quencies to the maximum signal with no blood suppression.
Early diastolic images from all three volunteers with the different frequencies
of black blood pulses can be seen in Figure 3.12. Artefacts can clearly be seen
in all of the BB0 images, and the vast majority of those artefacts is removed
for BB1-BB4. However an increasing amount of blood pool signal as the black
blood pulse frequency is reduced can be seen, particularly in Volunteer 1. The
magnitude of blood signal in the bloodpool of each acquisition was measured
over time and is plotted in Figure 3.13. The blood signal is clearly reduced
for BB1-BB4 throughout the cardiac cycle when compared with BB0 (the dip in
magnitude in early diastole in the BB0 curves of Volunteers 1 and 2 is due to
signal loss from intravoxel dephasing in the fast moving blood). The ratio of the
maximum blood signal in the black blood acquisitions with themaximum blood
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signal in BB0 acquisitions was then calculated. Values are shown in Table 3.1
and in all cases show an increasing level of blood signal in the bloodpool as
black blood pulses are played out less frequently.
3.2.3.3.2 Conclusions The measured global velocity time curves are very
similar for different frequencies of black blood pulse and peak velocities do
not vary consistently as the blackblood frequency is reduced. However, the im-
ages in Figure 3.12 show that black blood pulses remove the artefacts caused by
beat to beat variations in blood flow and also improve the blood-myocardium
contrast, making segmentation easier. As black blood pulses are played out less
often, the level of blood signal in the blood pool increases. This is likely to be
because more blood is getting into the LV during diastolic filling without being
fully saturated.
From this investigation the level of blood signal does not appear to significantly
affect the measured velocities in spiral imaging. However it is still desirable to
reduce the blood signal to make segmentation easier and to ensure there are no
artefacts due to fast flowing blood which could reduce overall image quality. A
compromise between temporal resolution and blood suppression is needed. It
was decided that blood pool signal should be kept below 25% of its unsaturated
value which, for this sequence means using BB2. With a TR of 35ms this means
one blackblood pulse approximately every 70ms, which agrees well with the
approximate theoretical value of 80ms found above.
In the two final sequences used for this thesis the TRs are 21ms and 24ms. To
ensure good blood suppression, BB3 has been used, corresponding to a black-
blood pulse every 63ms and 72ms respectively.
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3.2.4 Velocity encoding
3.2.4.1 Background
G0
 
t
T
Figure 3.14: A bipolar gradient which can be used to introduce velocity sensi-
tivity into the phase of a spin
The theory behind velocity encoding was briefly introduced in Section 2.2. Ve-
locity is encoded into the phase of an MR signal by using a bipolar gradient (see
Figure 3.14). At time τ the phase of a spin at position x(τ) and experiencing
gradient strength G(τ) is
φ(t) = γ
∫ t
0
G(τ)x(τ)dτ. (3.4)
Expanding x(τ) in a Maclaurin series gives:
x(τ) =
∑∞
m=0
1
m!
dmx
dτm (0)τ
m
= x(0) + x′(0)τ + 12x
′′(0)τ2 + . . .
(3.5)
where a prime indicates differentiation with respect to τ. Substituting this into
Equation 3.4 we can see that the phase caused by velocity x′ ( φv) is
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φv(t) = γ
∫ t
0
G(τ)x′(0)τdτ (3.6)
Bringing constants outside of the integral and using the bipolar waveform in
Figure 3.14 for G(τ), we can write the phase caused by velocity as
φv(t) = γx
′(0)G0(
∫
∆t
0
−τdτ +
∫ T+∆t
T
τdτ). (3.7)
Carrying out the integral and rearranging:
φv(t) =
1
2γx
′(0)G0(−∆t2 + (T +∆t)2 −T 2)
= γx′(0)G0∆tT
= γATx′(0)
(3.8)
Where A is the area of one lobe of the bipolar gradient. This equation shows
how the phase accrued by spins can be manipulated by the design of the bipolar
gradient - increasing the area of the lobe or the time between the bipolar lobes
increases the phase for a given spin velocity. This introduces the concept of
VENC - the maximum range of velocities that can be measured before phase
wrapping occurs is ± VENC. Velocities which cause phases separated by 2pi
will be indistinguishable. The VENC for a given bipolar pulse can easily be
calculated by setting φv to pi:
pi = γAT ·VENC (3.9)
VENC =
pi
γAT
(3.10)
Setting the VENC too low will cause aliasing which could lead to inaccurate
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velocity measurements, while setting it too high reduces the velocity-to-noise
ratio. Hence it is necessary to know the range of velocities that are expected
in an acquisition before it is acquired, and to design the bipolar gradients ac-
cordingly. Myocardial velocities are typically much lower than blood velocities
and consequently tissue phase velocity mapping sequences require larger am-
plitude gradients than a standard sequence for measuring blood flow (alterna-
tively the bipolar gradient could be made longer, however this would increase
the TR). Large gradients cause increased eddy currents which need to be con-
sidered. Typical through-plane VENC values for imaging in the short-axis are
25-30cm/s and in-plane values are 15-30cm/s (Jung et al., 2006a; Petersen et al.,
2006; Steeden et al., 2013).
The above equations assume that phase shift measured is only caused by ve-
locity and not by any other orders of derivatives of motion. By using a bipolar
gradient the 0th order is nulled since the total area of the bipolar gradient is
zero. However higher order terms are not nulled. An order of magnitude cal-
culation can be carried out to check whether higher order terms are likely to be
significant when compared with the velocity induced phase (a fuller treatment
of this kind of analysis can be found in Kouwenhoven et al. (1995)). We want
to show that the ratio of the phase induced by the mth derivative of motion and
the phase induced by velocity (the 1st derivative) is small. Using Equations 3.4
and 3.5 we can write this ratio as
φm
φ1
=
dmx
dτm
(0)
v(0)
∫
G(τ)τmdτ∫
G(τ)τdτ
∝
dmx
dτm
(0)
v(0)
O(∆tm+1)
O(∆t2)
∝
dmx
dτm
(0)
v(0)
O(∆tm−1).
(3.11)
In the above equations, T is assumed to be approximately equal to ∆t, and
O(∆tn) indicates an expression that is dominated by the size of ∆tn. With ∆t
of the order of 10−3 seconds, for m > 2 the O(∆tm−1) will dominate the expres-
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sion. The ratio will therefore be small and higher order terms can be ignored.
3.2.4.1.1 Encoding strategies As described in Section 3.2.4.1.3 a phase map
subtraction is required in order to remove some of the errors which arise when
using PVM. The obvious acquisition strategy would be to acquire one reference
scan (with no velocity encoding) and one encoded scan with the full required
VENC, known as asymmetric encoding.
For symmetric encoding, equal but opposite encoding values are used for the
two acquisitions to be subtracted (practically this means that the lobes of the
bipolar gradient are swapped from one acquisition to the other). An advantage
of using this technique is that the gradient amplitude needed can be halved for
the same VENC compared with what would be possible from an asymmetri-
cally encoded acquisition (see Equation 3.10), reducing the eddy currents which
arise. However this is only simple for acquisitions measuring velocity in a single
direction.
The two velocity encodings can be acquired consecutively in the same cardiac
cycle, therefore not extending the scan duration when compared to a single ac-
quisition and ensuring that heart rate variation does not introduce increased
registration errors caused by subtracting maps acquired in different stages of
the cardiac cycle. However, the temporal resolution is reduced by a factor of
the number of encodings required and if TR is long significant motion could
occur between the two acquisitions. Alternatively, each direction of encoding
can be acquired in consecutive heartbeats. This means that the temporal res-
olution is not affected, but the scan duration is multiplied by the number of
acquired encodings. With this technique, while large variations in heart rate
between encodings could cause misregistration, with no heart rate variation the
two datasets will be acquired at exactly the same point in the cardiac cycle.
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3.2.4.1.2 Velocity compensation Any gradients between RF excitation and
readout will cause sensitivity to motion (see Equation 3.6) and in order to ac-
quire a true reference (or velocity compensated) image the effect of the slice
select gradient must be accounted for. If measuring through plane velocities
the size of the velocity encoding gradient is altered to ensure the correct VENC
is applied, whereas if measuring in-plane velocities a small bipolar gradient
is played out on the slice select axis at the same time as the in-plane velocity
encoding gradients to remove through plane velocity sensitivity.
3.2.4.1.3 Errors Phase velocity mapping suffers from various sources of er-
ror caused both by imperfections in the MR system (field inhomogeneities or
gradient errors) and by fundamental physical phenomena (concomitant fields
and eddy currents, see below). The errors fall into two main categories; those
which are the same for both reference and velocity encoded acquisitions, and
those which are not. The former can be removed by phase map subtraction (see
Section 3.3.5), while the remaining errors must also be corrected by modelling
the residual offsets or by phantom subtraction (see Section 3.2.4.1.4).
3.2.4.1.3.1 Concomitant fields Concomitant fields are gradients which arise
perpendicular to any applied gradient due to fundamental physical effects (Bern-
stein et al., 1998; Norris and Hutchison, 1990). They are predicted by the
Maxwell equations and hence are also known as Maxwell gradients. The addi-
tional fields cause additional phase which is dependent on time and on spatial
position. The size of the concomitant field produced is related to the gradi-
ent amplitude (Bernstein et al., 1998) in such a way that reducing the size of
gradients used for imaging will reduce the errors, as will avoiding playing out
gradients on two axes concurrently (as this increases the magnitude of the ef-
fective gradient being played out). However, these two strategies may not be
possible for applications where temporal resolution needs to be maximised.
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Concomitant fields are a fundamental physical effect, and can therefore be cal-
culated accurately. This allows the error to be calculated and corrected auto-
matically by the reconstruction software prior to the phase subtraction process
(Bernstein et al., 1998).
3.2.4.1.3.2 Eddy currents As magnetic field gradients are switched on and
off, unwanted electrical currents are caused to flow in the scanner hardware
which, in turn, produce their own unwanted magnetic fields. Unlike concomi-
tant fields, these cannot be predicted accurately since they depend on the exact
geometry and hardware being used. Active shielding of the gradients can be
used to reduce the induced currents and gradient pre-emphasis can be used to
compensate for (although not remove) the currents by altering the input gra-
dient waveform. Phase map subtraction of reference and velocity encoded ac-
quisitions will not correct for eddy current effects since the velocity encoding
gradients in the latter cause the two acquisitions to have different phase errors
due to eddy currents. To remove errors caused by eddy currents a background
offset correction must be performed.
3.2.4.1.4 Background offsets Eddy current effects, as well as any other resid-
ual phase errors after phase map subtraction, cause errors in velocity measure-
ments of 1-2cm/s, varying gradually over an image. The errors also vary de-
pending on the sequence and sequence parameters being used for imaging and
the slice position (Gatehouse et al., 2010, 2012). Although this is a small effect
for measuring blood velocities in the great arteries, for blood flow measure-
ments the error accumulates when velocity curves are integrated over time. For
myocardial velocities the error can be large relative to the velocities measured.
One way to deal with the background offset is to segment tissue within each
image which is known to be stationary (Lingamneni et al., 1995; Walker et al.,
1993). In order to accurately model the spatially varying offset it is desirable
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that stationary tissue is available on all sides of the region of interest. The mea-
sured values are then used to fit a linear or polynomial function. While this may
be possible in some areas (such as venous flow in the leg), for measuring blood
flow in the great arteries or for measuring myocardial velocities there may not
be enough surrounding stationary tissue to model the offset accurately. Despite
this limitation, modelling of the background offset has been used in several
studies measuring myocardial velocities (Delfino et al., 2006), while in other
studies it is unclear whether any background correction has been performed
(Jung et al., 2006a; Petersen et al., 2006; Steeden et al., 2013).
Alternatively, a separate scan can be performed in a large homogeneous sta-
tionary phantom in order to directly measure the background offsets (Caprihan
et al., 1990; Chernobelsky et al., 2007; Lankhaar et al., 2005). By imaging the
phantom with the same parameters, in the same slice position and with the
same approximate RR-interval, the same background offsets will arise in the
phantom as were present in the initial scan (neglecting the effects caused by
the different shapes and materials). While this provides a more accurate way
of correcting the offsets for those regions where not enough stationary tissue
is available for an accurate model to be produced (Chernobelsky et al., 2007;
Holland et al., 2010), it is time consuming and consequently difficult to achieve
in a clinical workflow.
3.2.4.2 Implementation
For this thesis, a four point velocity encoding strategy has been used to mea-
sure three directions of velocity plus a true reference (velocity compensated)
acquisition, with each direction acquired in a separate heartbeat to maximise
temporal resolution. This means that for each spiral interleaf four heartbeats
are required, one to collect reference (velocity compensated) data, and then one
for each of the three orthogonal directions of velocity encoding (through-plane
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plus two in-plane directions).
Figure 3.1 shows the sequence diagram for data collected with sensitivity to
through-plane velocities. The in-plane equivalents are the same except with
a small bipolar pulse on the through-plane axis (for velocity compensation as
discussed in Section 3.2.4.1.2) and with the large bipolar velocity encoding gra-
dient moved to one of the in-plane axes. A VENC of 30cm/s for through-plane
and 20cm/s for in-plane velocities has been used in volunteer studies, in order
to cover the range of velocities expected. This can however be changed by the
user prior to scanning.
The velocity encoding gradients have a set duration of 1.6ms for each lobe.
Concomitant gradients are corrected for automatically in the Siemens software
(Bernstein et al., 1998) and background offsets are corrected for by subtraction
of a separate phantom acquisition.
3.2.5 Spiral trajectories
3.2.5.1 Background
3.2.5.1.1 Advantages of non-Cartesian trajectories The time dependent sig-
nal, S(t), in an MR experiment can be written
S(t) ∝
∫
V
ρ(r)e−i2pik(t)·rdr (3.12)
where r is the spatial position, V is the volume from which signal is measured,
ρ(r) is the spin density at position r and
k(t) =
γ
2pi
∫ t
0
G(τ)dτ (3.13)
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whereG(τ) is the applied magnetic field gradient at time τ (the τ = 0 point is at
the mid point of the RF excitation pulse). The constant of proportionality is de-
termined by the imaging parameters. By changing the magnetic field gradient
over time, the signal is measured for different values of k. Instead of moving
through image space and measuring the spin density at each position, the MR
experiment moves through k-space, measuring the response at each value of k.
Once enough samples have been collected, an approximation to the object’s spin
density can be obtained by moving back into image space from k-space using
the inverse FT:
ρ(r) =
∫
V
S(k)ei2pik(t)·rdk (3.14)
where the accuracy of the approximation increases as the number of samples in-
creases. The centre of k-space contains low spatial frequency information (and
hence most of the image energy), while the outer edges of k-space contain high
spatial frequency information (small details and edges). Theoretically, sam-
pling further and further out into k-space increases the resolution of the result-
ing image, however at large k-space values (ie far from the centre) the signal is
small so practically the resolution is limited by the level at which these values
become indistinguishable from noise.
So far there is no restriction on the exact path through k-space that should be
used. However for the sake of efficiency the trajectory should travel on a smooth
path through k-space, allowing incremental changes in the gradient strength
which can be carried out quickly. Another issue which needs to be consid-
ered is how Equation 3.14 is to be achieved. In order to carry out a FT as in
Equation 3.14, S(k) would need to be known for all values of k. After an MR
experiment, S(k) is known only at a series of N discrete points in k-space S(ki),
so rather than a full FT, a discrete Fourier Transform is needed:
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ρ(r) =
kN∑
ki=k1
S(ki )e
i2piki (t)·r (3.15)
If the points S(ki) lie on a Cartesian grid a Fast Fourier Transform algorithm can
be used which is why Cartesian trajectories are most common in modern MR
pulse sequences. Collecting single lines of k-space at a time also keeps the read-
out time short (depending on the number of samples collected and the band-
width used) so Cartesian imaging is robust to artefacts caused by off-resonance
effects. However, covering k-space in this manner is not very efficient or flexi-
ble.
Cartesian trajectories have uniform sampling density over all of k-space, how-
ever since most of the energy of an image is found in the centre, this may not
be necessary. Also the centre of k-space is covered only by a few of the acquired
lines. If these lines are corrupted by, for example, motion, the entire image will
be strongly affected.
Several developments have been made to speed up the acquisition of data while
still using a Cartesian grid. For gated acquisitions, several k-space lines can be
acquired in each heartbeat, lowering the temporal resolution but greatly de-
creasing the length of the scan (Edelman et al., 1990; Pauly et al., 1993). EPI
acquires several lines of k-space for each excitation in a back-and-forth trajec-
tory, again reducing acquisition time but by increasing the readout time the
sensitivity of the trajectory to off-resonance effects is also increased.
Artefacts in Cartesian imaging can be strongly directional - for example the
blood-flow artefact discussed in Section 3.2.3 is seen as ghosting in the phase
encoding direction for Cartesian imaging (Drangova et al., 1997). This is due
to the fact that the readout and phase encoding directions are always the same
throughout data collection. This is often not the case for non-Cartesian imaging
(for example the readout direction in spiral imaging is constantly changing)
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Figure 3.15: Example Cartesian, radial and spiral trajectories
which leads to artefacts which are less directionally dependent which could be
an advantage in some situations.
One of the main problems with non-Cartesian trajectories is that data acquired
cannot be directly Fourier Transformed. This means that image processing will
be more complicated than for Cartesian imaging and will take longer. Many
different non-Cartesian trajectories have been proposed, however two are more
widely researched than the others - radial and spiral (see Figure 3.15).
3.2.5.1.1.1 Radial Radial trajectories use many spoke-like lines to cover k-
space and were actually the first trajectories used for MRI (Lauterbur, 1989). As
with standard Cartesian imaging, the readout time is short and so the technique
is robust to off resonance effects. An advantage over Cartesian imaging is that
each of the readouts passes through the centre of k-space rather than it being
covered by a small fraction of the acquired lines, making the trajectory more
robust to motion (Glover and Pauly, 1992). This also means that the centre of
k-space has a higher sampling density than the edges.
In order to reconstruct an image from radially acquired data, the data must first
be gridded which increases the reconstruction time (see Section 3.3.3). However
recent developments in real-time imaging have shown that radial trajectories
with golden angles allow extremely flexible real time imaging with retrospec-
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tive reconstruction (Hansen et al., 2012; Winkelmann et al., 2007). In a golden
angle acquisition, each radial spoke is rotated by the golden angle (111.246 de-
grees) in relation to the previously acquired spoke, ensuring that the sampling
density is always as uniform as possible and allowing reconstruction at differ-
ent temporal resolutions. This is successful in part due to the fact that artefacts
in images formed from undersampled radial data are much more benign than
in Cartesian imaging (Scheﬄer and Hennig, 1998).
3.2.5.1.1.2 Spiral Spiral trajectories, as the name suggests, cover k-space with
one spiral (single shot) or a series of spirals rotated with respect to one another
(interleaved). As with radial trajectories, each spiral covers the centre of k-
space, however an advantage over radial trajectories is that the centre of k-space
is acquired at the beginning of each spiral readout rather than in the middle of
each radial readout. K-space can be covered in fewer spirals than radial spokes,
speeding up acquisition. However the readouts tend to be longer making them
sensitive to off-resonance artefacts (Delattre et al., 2010).
The next section describes in detail the theory and application of spiral trajec-
tories in MRI.
3.2.5.1.2 Spiral imaging Much research has been carried out into imaging
with spiral k-space trajectories. The different spiral designs which have been
proposed, along with their advantages and disadvantages are described below,
as well as the available methods for reconstructing images acquired with a spi-
ral trajectory. An excellent resource for information about all aspects of spiral
imaging is the review paper Delattre et al. (2010).
3.2.5.1.3 Spiral design There are many ways to design a spiral to cover k-
space and different designs will be more suited for different applications. How-
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ever any spiral can be written:
k = λταeiωt (3.16)
where k is the position in k-space, λ = N/2× field of view (FOV) where N is
the matrix size, τ is a function of time, t, running from 0 to 1, α controls the
sampling variability and ω = 2pin where n is the number of turns in the spiral
(Delattre et al., 2010).
The first considerations when designing a spiral trajectory are spatial resolu-
tion, temporal resolution and scan duration and the final design usually in-
volves a compromise for all three parameters. To increase spatial resolution the
extent of k-space covered by the spirals is increased, however this either means
that the spiral duration has to be increased (decreasing temporal resolution and
increasing the sensitivity to off-resonance), or the number of spiral interleaves
has to be increased (increasing scan time). The image FOV is determined by the
distance between adjacent windings of the spirals.
The most practical (and hence most common) spiral design is Archimedian -
the separation between adjacent windings of the spiral is kept constant, as is the
speed at which k-space is traversed and hence the sampling density is constant
throughout k-space. However certain advantages can be gained by varying the
sampling density throughout k-space. An example of this is a trajectory which
follows an Archimedian spiral but which varies the k-space velocity such that
all acquired samples lie on radial spokes - the constant angle trajectory (Ahn
et al., 1986). This trajectory has benign undersampled artefacts and also has
advantages for accelerated imaging (Heidemann et al., 2006).
Non-Archimedian spiral designs do not have equal spacing between spiral wind-
ings. Advantages offered by these designs include the ability to oversample the
centre of k-space and thereby reduce the sensitivity to motion (Liao et al., 1997),
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reduce artefacts in undersampled data (Tsai and Nishimura, 2000) or to more
effectively use the gradients available.
3.2.5.1.4 Artefacts Field inhomogeneities cause unwanted phase accrual dur-
ing data acquisition, in effect adding an additional term to the exponential in
Equation 3.12. The long readout time of spirals means they are very sensitive
to field inhomogeneities. In Cartesian imaging gradients are only played out in
the readout direction during data acquisition so that off resonance effects cause
a simple position shift of the final image. However the effect of off resonance in
spiral imaging is less benign: both x and y gradients are used during readout
which means the image is shifted in different directions at different points in
the readout. This leads to blurring in the final reconstructed image. In order
to reduce the level of artefact as much as possible the field should therefore be
made as uniform as possible by careful shimming. However it is never possible
to remove all field inhomogeneities due to effects such as susceptibility changes
between air and tissue (which cause sharp changes in the field), the position
and severity of which can vary from patient to patient. If the scan duration
or resolution allows, the artefacts can be limited by reducing the length of the
spirals, however this may not be possible or desirable.
Another possibility is to carry out an off resonance correction in post process-
ing. Often a low resolution field map is obtained by subtracting the phase of
two images acquired at different echo times. This normally requires a sepa-
rate acquisition and hence extends the scan duration, however some techniques
incorporate the acquisition of the field map into the imaging acquisition, for
example by using variable density spirals to oversample the centre of k-space
(Nayak et al., 2001). Other work has focussed on estimating the field map from
the image data itself (Man et al., 1997). The pixel values of the map can then
be used to calculate the off resonance frequency at each spatial location. These
values can then be used to predict the additional phase that would be accrued
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during the readout and hence a correction can be performed. The correction
is carried out by convolving the image with the inverse point spread function
(PSF) corresponding to the off resonance frequency at each pixel (Ahunbay and
Pipe, 2000). While these techniques can significantly improve the image qual-
ity of spirals, they all result in increased processing time which may be unde-
sirable.
3.2.5.2 Implementation
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Figure 3.16: A single spiral interleaf, formed by gradients oscillating out of
phase on the X and Y axes. The duration and magnitude of the spirals depends
on the spiral design, as does the number of spirals needed to fully sample k-
space.
Figure 3.16 shows an example spiral interleaf which involves oscillating gradi-
ents which are played out simultaneously on the x and y axes, thereby travers-
ing k-space in a centre-out spiral trajectory. The spirals were designed using
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code written at the Royal Brompton Hospital by Dr Peter Gatehouse. Archime-
dian spirals with constant sampling density are used. They are designed such
that they use the maximum slew-rate (Sm) in the centre of k-space, until the
maximum gradient (Gm) is reached and thereafter they continue at the maxi-
mum gradient amplitude.
Equation 3.16 shows the formula for a constant density Archimedian spiral. For
the slew rate limited regime τ can be written
τ =
[
3
2
Smγ
λω2
t
] 2
3
(3.17)
and for the gradient limited regime
τ =
[
2
Gmγ
λω
t
] 1
2
. (3.18)
A constant sampling rate of 2.5µs is used which leads to a fixed bandwidth of
400kHz. The other parameters for the navigator and breath-hold sequences can
be seen in Table 3.2.
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Parameter Navigator Breath-hold
Number of spirals 13 8
FOV (mm) 350 360
Pixel size (mm) 1.4 1.7
Peak slew-rate (mT/m/ms) 120 120
Peak gradient (mT/m) 30 30
Duration (ms) 11.8 14.0
Scan length (heartbeats) 53 (100 % efficiency) 33 (fully sampled)
17 (SENSE factor 2)
13 (SENSE factor 2.7)
Table 3.2: Parameters for spiral design
It should be noted that the peak slew-rate (120mT/m/ms) and gradient (30mT/m)
are not the maximum possible on the scanner (180mT/m/ms and 43mT/m re-
spectively). This is to avoid hitting patient stimulation limits.
Figure 3.17: The effect of spiral duration on off resonance artefacts. Spiral dura-
tion is decreasing from left to right (23ms, 14ms and 12ms respectively) which
improves the susceptibility artefact indicated by the white arrows. The shim
settings and centre frequency are the same for all acquisitions.
The spiral duration is an important consideration when designing spiral tra-
jectories, not only because it determines the possible temporal resolution but
also because the longer the spirals are, the more susceptible they are to off-
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resonance effects. This can be seen in Figure 3.17 where data from the same pa-
tient have been acquired using spirals with duration of 23ms, 14ms and 12ms
(left to right). The off resonance artefact shown by white arrows gets progres-
sively smaller as the spiral duration decreases, as does the amount of blurring in
the image. This artefact is caused by the sudden change in field at the interface
between air in the lungs and tissue in the heart and liver. The artefact is present
in many subjects although its severity is variable. Even the small reduction in
spiral duration between 14 and 12ms improves the artefact level.
3.2.6 Coil sensitivity maps
For undersampled breath-hold data acquisitions, fully sampled coil sensitiv-
ity maps are required for the non-Cartesian SENSE reconstruction (see Sec-
tion 3.3.4). These are acquired with low temporal resolution during the first
heartbeat of the breath-hold acquisitions. In this heartbeat the spiral inter-
leaves are played out consecutively and the first full set of interleaves are used
to create the coil sensitivity maps. This data is marked so that it is ignored by
the Siemens image reconstruction and passed straight to the Gadgetron recon-
struction system (see below).
3.3 Image Reconstruction
In order to obtain velocity maps from the data acquired with the sequences
described in the previous section, the main reconstruction steps are:
• initial processing of the data - labelling, channel scaling, noise decorrela-
tion
• re-ordering the data
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• performing the interpolation necessary for retrospective ECG gating
• regridding the data and Fourier Transforming
• carrying out a phase map subtraction to obtain velocity maps
• final scaling and image display
In the two reconstruction platforms used in this project (ICE and the Gad-
getron), each of these tasks is split into a separate module (called a functor
or a Gadget respectively) allowing a customised pipeline of modules to be con-
structed for each type of reconstruction. This makes modification of the recon-
struction easier and additional modules can be designed and inserted into the
pipeline for specific applications.
The Gadgetron allows much easier prototyping than is possible on the ICE sys-
tem and also has graphics processing unit (GPU) algorithms which are not yet
implemented in ICE. It can be used in such a way that the operator may not
realise the data is being reconstructed outside of ICE, as the resulting images
are displayed on the Siemens system just as if they had been reconstructed en-
tirely in ICE. This is achieved via two special ICE functors; the ‘Gadgetron emit-
ter functor’ and the ‘Gadgetron injector functor’. As the names suggest, these
functors are used to pass the data from ICE to the Gadgetron and back again.
These can be placed anywhere in the ICE pipeline allowing the strengths of
each system to be exploited.
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Figure 3.18: The reconstruction pipelines
Simplified pipelines for the navigator and breath-hold reconstructions can be
seen in Figure 3.18. The navigator version is carried out entirely in ICE while
for the breath-hold version the Gadgetron emitter functor is placed after the ret-
rospective reconstruction to take advantage of a GPU implementation of non-
Cartesian SENSE (Sörensen et al., 2009) which has been implemented on the
Gadgetron by Michael Hansen at NIH (Hansen and Sörensen, 2013). The pur-
pose of each functor and gadget is explained in the following sections, and the
modifications that have been made are also outlined.
3.3.1 Re-order functor
The reorder functor has been written and inserted into the pipeline specifi-
cally for this application (it was heavily adapted from a functor written by Dr
Permi Jhooti at the Royal Brompton Hospital for respiratory ordered acquisi-
tions) and is necessary because the retro functor expects the data in a particular
order. Standard flow sequences (on which the sequences above are based) ac-
quire the reference and velocity encoded acquisitions consecutively within the
same heartbeat whereas, in order to maximise temporal resolution, we have ac-
quired reference and velocity encoded acquisitions in consecutive heartbeats (see
Section 3.2.4.1.1). The retrospective reconstruction expects the data to arrive
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in the usual order and, rather than alter the retrospective reconstruction, the
re-order functor was designed and implemented.
The functor works by storing all of the data until the scan is finished. Each line
of data is then sent down the pipeline in the order expected by the rest of the
reconstruction. The retrospective reconstruction can then work as normal.
3.3.2 Retrospective cardiac gating functor
3.3.2.1 Background
Although recent developments have lead to an increased interest in real time
or self gated imaging (Feng et al., 2012; Hansen et al., 2012), cardiac motion
is generally removed from images by using ECG gating. The main QRS com-
plex (see Section 1.1.3.1) occurs at the beginning of each heart cycle and can
be detected automatically using a vector ECG measurement (Chia et al., 2000).
It is therefore suitable to be used to trigger an acquisition, although at high
field strengths (>3T) the ECG signal can become distorted and unreliable. If
acquiring an image at single time point, a constant delay can be used between
detection of the R-wave and imaging so that the correct phase of the cycle is
imaged each time. However if a series of images is to be acquired through time,
there are two main options, prospective or retrospective cardiac gating. A short
description of the two options is given below, however more information can be
found in Chapter 6.
3.3.2.1.1 Prospective gating When prospective cardiac gating is used on a
Siemens platform, imaging starts at the ECG trigger and continues for a set
length of time known as the acquisition window. Each image in the cardiac cy-
cle is reconstructed from data which is acquired at exactly the same time after
the ECG trigger. If there is significant heart rate variation during the acquisi-
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tion image quality will be affected, particularly towards the second half of the
cardiac cycle. The acquisition window length is set prior to the beginning of the
scan and is typically around 90% of the RR-interval, so that natural heart rate
variations do not lead to ECG triggers being missed. Another disadvantage of
prospective gating therefore is that the entire cardiac cycle cannot be imaged.
3.3.2.1.2 Retrospective gating Retrospective cardiac gating on a Siemens
platform acquires data continuously while simultaneously recording ECG in-
formation (Lenz et al., 1989). Each line of acquired data is given a timestamp
according to how long after the last R-wave it was acquired. Once acquisition
is completed, each heartbeat is normalised to the same nominal duration. The
acquired data is then binned according to where in the normalised heartbeat
it was acquired and the number of phases to be reconstructed. The number of
phases to be reconstructed is chosen by the user, however it should not be set
significantly higher than the acquired number of phases. In this way the entire
cardiac cycle is covered.
3.3.2.2 Implementation
The only changes made to the Siemens implementation of retrospective car-
diac gating were to accommodate the fact that each velocity encoding direction
could have a different number of acquired phases (since they are acquired in
different heartbeats which could be different lengths).
A schematic representation of the retrospective reconstruction can be seen in
Figure 3.19 where the acquisition of two interleaves is shown. The aim is to
produce a series of images which are equally spaced throughout the cardiac
cycle, which is acheived by continuously repeating the sequence, changing the
interleaf when an R-wave signal is received. Unfortunately due to natural vari-
ations in heart-rate, each of the spirals will in general be acquired a different
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Figure 3.19: The retrospective reconstruction algorithm. Data is acquired con-
stantly (top), normalised (middle) and binned (bottom) to produce equally
spaced phases throughout the cardiac cycle.
number of times, making reconstruction more complicated (in the Figure more
time points are acquired for interleaf 2 (14) than for interleaf 1 (10)).
Each heartbeat is normalised to a fixed length and then split equally into N
sections where N is the number of cardiac phases to be reconstructed. Acquired
time points lying within each of the N sections of the cardiac cycles are then
combined via a linear regression to calculate the value at the centre of each
section. If only one point lies within the window, the nearest neighbours are
considered. The last acquired points in each heartbeat can be used in the first
section.
Once there are N time points for each interleaf they can be passed along the
pipeline to be regridded.
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3.3.3 Regridding functor
3.3.3.1 Background
Image reconstruction is more complicated for spiral imaging than for Carte-
sian imaging because the fast Fourier transform (FFT) can only be used on data
points which are on a regular grid. A FT can be carried out on spiral data, how-
ever it is extremely time consuming. The most common technique is to regrid
the spiral data by interpolating the acquired data points onto the Cartesian grid
and then carry out the FFT as before. The extra reconstruction step prior to the
FFT increases the reconstruction time for spiral images when compared with
Cartesian, however it has been shown that a well designed regridding algo-
rithm should only approximately double the reconstruction time (Beatty et al.,
2005).
The spiral gridding and reconstruction process consists of five steps which are
outlined below:
1. Density compensation - Spiral data points are not acquired uniformly over
k-space as they are in traditional Cartesian trajectories. This means that if
the uneven sampling is not taken into account, the low spatial frequencies
would have a higher weighting than the high spatial frequencies, resulting
in image artefacts. For most spirals this can be corrected for by using the
spiral trajectories to create a weighting function.
2. Blurring - The acquired data points must then be interpolated so that es-
timated values at any point in k-space can be obtained. This is done by
convolving the acquired data points with a convolution kernel (also re-
ferred to as a window function) to effectively smear out the acquired data
points, resulting in a continuous function that covers all of k-space. The
shape and size of the kernel will affect the quality of the final reconstruc-
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tion and the time taken to carry out this step.
3. Resampling - Having blurred the acquired data set, it can now be resam-
pled onto a Cartesian grid by evaluating the continuous function at regu-
lar k-space positions.
4. FFT - The FFT can now be performed as in a conventional Cartesian re-
construction to produce an image.
5. De-apodisation - The convolution carried out during regridding causes
apodisation of the final image - the edges of the image appear darker than
the centre. This can be corrected by dividing the image by the FT of the
convolution kernel.
3.3.3.2 Implementation
A spiral regridding algorithm developed by Prof Guang-Zhong Yang at the
Royal Brompton Hospital and transferred into ICE by Dr Matthew Robson was
used to perform the data regridding for the navigator sequence. Modifications
were made to allow reconstruction of the spirals designed for this project. The
algorithm uses the following kernel to perform blurring of the data (see Sec-
tion 3.3.3.1):
c(r,u,v) = exp
− 20αr2(0.1+βD(u,v))
w2 (3.19)
where r is the distance from the acquired data point to a Cartesian grid point
(u,v), D(u,v) is the sampling density at (u,v), w is the window size, α deter-
mines the kernel drop-off and β is used to control the effect of D(u,v). The
D(u,v) term is used to perform the sampling density compensation along with
an additional correction after convolution where the values of c(r,u,v) are summed
for each u,v for all relevant raw data points.
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Previous work by Dr Andrew Scott performed during a PhD project carried out
at the Royal Brompton Hospital compared reconstructions with this kernel to
those using a more conventional Kaiser-Bessel kernel and found that they were
extremely similar. Values of α, β and w were chosen by visual comparisons
of images with different combinations of values and represent a compromise
between image quality and reconstruction time. The values used were α = 2,
β = 4 and w = 3.
3.3.4 Non-Cartesian SENSE gadget
3.3.4.1 Background
When imaging using MR, several coil elements are typically used to receive RF
signals. Increasing the number of coils increases the SNR of the final image,
since the noise for each coil is different, but the object being imaged will be the
same. However, instead of increasing SNR, the number of coils can be used to
speed up the acquisition by using one of several ‘parallel imaging’ algorithms.
Many early algorithms were proposed but they can be split broadly into image
based reconstructions such as Sensitivity encoding (SENSE) (Pruessmann et al.,
1999), or k-space reconstructions such as Generalised Autocalibrating Partially
Parallel Acquisitions (GRAPPA) (Griswold et al., 2002). In either case a small
amount of fully sampled data is acquired, followed by an undersampled imag-
ing acquisition. If more than one coil is used, even though the data is under-
sampled, a full image can be reconstructed by exploiting the extra information
gained from the initial fully sampled data, as long as the number of coils is
greater than or equal to the factor by which the data is undersampled. The two
methods are explained below.
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3.3.4.1.1 GRAPPA GRAPPA is a generalised algorithm which encompasses
several earlier techniques (such as SMASH (Sodickson and Manning, 1997))
that perform parallel imaging by reconstructing missing k-space information.
GRAPPA works by acquiring several calibrating lines, along with the under-
sampled imaging data. The calibrating lines form a subset of the k-space lines
which are not acquired during the undersampled imaging acquisition. The re-
lationship between the acquired lines and the calibrating lines can be used to
infer the similar relationship between the acquired lines and the unacquired
lines.
The reason the algorithm works is that an acquired value in k-space from a
single coil is actually the result of the k-space value convolved with the coil’s
sensitivity profile. This convolution effectively smears out the k-space values,
leading to information about k-space values being encoded in data acquired
from a different position. By using the calibration lines and by using informa-
tion from several coils, this information can be recovered. Since the ‘smearing’
is the same throughout k-space, a few extra calibration lines can be used to cal-
culate weights which can then be used to estimate the unacquired data over all
of k-space. The process is shown schematically in Figure 3.20.
By using the calibrating lines the relationship between an acquired line and
a line which is one k-space step away (∆k) or the relationship between an ac-
quired line and a line which is two steps away (and so on) can be found. A per-
fect reconstruction would use relationships that spanned the entire size of the
acquired k-space, however this would be computationally expensive. Instead
the reconstruction uses only Nb steps of ∆k, where Nb is known as the number
of blocks. In most cases an Nb of around 5 is needed for a good reconstruction.
The relationships between data at relative k-space positions are known asweights
and are collected in a matrix of weights, w. Each value in the weights matrix is
the relationship between a line of data from one coil (S(Ca) is the data from coil
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Figure 3.20: The GRAPPA reconstruction acquires undersampled data (a) along
with some additional calibration lines (b). Together they are used to calculate
the GRAPPA weights (c) which are then used to fill in the unacquired data (d).
Full images can then be reconstructed (e). Figure adapted with permission from
Deshmane et al. (2012).
a), to a line of data from another coil (or the same coil) and from n k-space steps
away, so w = w(Ca,Cb ,n∆k). Once the values in w have been calculated, any line
of data from any coil (Cc) can be calculated using
S(Cc) =
NC∑
d=1
Nb−1∑
m=0
w(Cc ,Cd ,m∆k)S(Cd ,m∆k) (3.20)
where NC is the number of coils. From this, a full k-space for each coil is recon-
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structed, and these can be combined in the normal way.
3.3.4.1.2 SENSE Undersampling data effectively decreases the FOV of the
image being acquired. Any material that lies outside of the FOV then wraps
into the image and a pixel in the final image ends up as the combination of
the signal from several spatial positions. However, if several coils are used for
imaging, each coil has a different sensitivity profile. A SENSE reconstruction
uses this fact to construct full FOV images from undersampled data.
If an image is undersampled by a factor of 2, then each pixel (p(x)) contains the
information from two different spatial locations (x1 and x2):
p(x) = I(x1) + I(x2). (3.21)
This is a single equation with two unknowns and so cannot be solved. How-
ever in reality the information that is measured is not just the amount of signal
coming from each spatial location, it is also multiplied by the coil sensitivity
at that point (C(x)), so I(x) = C(x) · J(x) where J(x) is the pixel value in an un-
aliased image. Although this is still underdetermined, if two coils are used we
can reconstruct two images (p1 and p2) from the two coils (C1 and C2), giving
two equations:
p1(x) = C1(x1) · J(x1) +C1(x2) · J(x2)
p2(x) = C2(x1) · J(x1) +C2(x2) · J(x2)
(3.22)
If the coil sensitivities are known, there are now two equations and two un-
knowns which is a solvable problem. This means that the coil sensitivities for
the imaging slice have to be measured prior to image reconstruction, although
as coil sensitivity has a smooth spatial variation the resolution does not have
to be as high as the subsequent image. Motion between the acquisition of the
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coil sensitivities and the imaging will cause artefacts and areas of low signal
(such as the lungs) can be too noisy to accurately measure the coil sensitivity.
However SENSE is a robust technique that is regularly used in clinical practice.
3.3.4.1.3 Non-Cartesian acceleration Both of the above techniques were orig-
inally developed for application to Cartesian imaging, but they have both been
extended to allow acceleration of other trajectories. An extension of GRAPPA
to radial trajectories is fairly simple; the lines in k-space are replaced by radial
spokes and the reconstruction is carried out as before. Spiral trajectories can
also be reconstructed in this way by first interpolating the acquired spiral data
such that the points used in reconstruction all lie on radial spokes (Heidemann
et al., 2006).
The extension is not so simple for non-Cartesian SENSE. Cartesian undersam-
pling happens only along the k-space axes so that the number of pixels folded
onto the undersampled image pixels is just equal to the factor of the undersam-
pling. For non-Cartesian trajectories this is no longer the case and each under-
sampled image pixel contains information from many different pixels, making
the system of equations extremely complicated to solve. Instead, iterative tech-
niques are used to find a solution. Typically the Conjugate Gradient method
(Hestenes and Stiefel, 1952) is used although this is just one way of finding the
solution (Pruessmann et al., 2001).
An iterative method works by starting with the aliased image then making
guesses about the missing information. The resulting images are compared
with the initial images and by minimising the difference, a better guess can
be made. After several iterations, a reasonable guess at the full image is ob-
tained. Regularisation terms can be added to speed up the reconstruction by
providing more information about the resulting images. A schematic diagram
of this process can be seen in Figure 3.21.
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Figure 3.21: A schematic diagram of the CG SENSE reconstruction. Ci is the
ith coil sensitivity map. Figure reproduced with permission from Delattre et al.
(2010)
3.3.4.2 Implementation
The Gadgetron GPU implementation of non-Cartesian SENSE was used with
few modifications, although extensive modifications were made to the Gad-
getron CPU code responsible for accepting and storing the data ready to be
reconstructed so that the different directions of velocity encoding could be ac-
commodated. A phase subtraction gadget was also written from scratch.
The non-Cartesian SENSE GPU implementation is described in detail in Sörensen
et al. (2009). A conjugate-gradient iterative algorithm (see Figure 3.21) is used
with a limit of 5 iterations to ensure a reasonable reconstruction time. A Kaiser-
Bessel kernel with width 5.5 and oversampling of 1.25 is used for gridding of
the data.
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3.3.5 Phase map subtraction
3.3.5.1 Background
This discussion can be found in Bernstein and Ikezaki (1991); Bernstein et al.
(1994). Having regridded and Fourier Transformed the reference and velocity
encoded spiral data, two independent complex images result. The pixels in the
two images can be denoted
Z1 = x1 + iy1 = ρ1exp
iφ1 (3.23)
and
Z2 = x2 + iy2 = ρ2exp
iφ2 (3.24)
respectively. The velocity of tissue in each pixel is calculated from the difference
in phase between the two images
∆φ = arctan
(
y1
x1
)
− arctan
(
y2
x2
)
= φ1 −φ2. (3.25)
However, calculating the phase difference in this manner means performing
two separate arctan operations for each pixel which is computationally expen-
sive. The same result can be obtained using a single arctan operation by
∆φ = arg
(
Z1
Z2
)
= arg(Z1Z
∗
2) = arctan
(
Im(Z1Z
∗
2)
Re(Z1Z
∗
2)
)
(3.26)
thereby saving computation time.
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3.3.5.2 Implementation
For the navigator sequence, the standard Siemens phase subtraction functor
is used without alteration. For the breath-hold sequence, Equation 3.26 was
implemented in a separate phase subtraction gadget.
3.4 Analysis
Analysis of images is carried out using a GUI developed for the purpose from
scratch using MATLAB. A screenshot of the GUI during analysis can be seen in
Figure 3.22.
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Figure 3.22: Screenshot of the GUI during analysis. The data set is specified
using the inputs at top left (red and yellow arrows). The myocardium is seg-
mented manually on the right (white arrow) and regional velocity-time curves
are plotted on the left (green arrow).
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The analysis process is carried out as follows
• Identify the series to be analysed (red arrow). All images from the scanner
are saved onto a secure network drive under the name of the patient or
volunteer. Each series of images in a session is given a unique number.
The number of the first series in the scans to be processed is written in
the box, along with the corresponding series for the phantom scan for the
phantom subtraction (see Section 3.2.4.1.4).
• Identify the slice ‘base’, ‘mid’ or ‘apex’ (yellow arrow).
• Press the ‘GO’ button. This brings up the first image in a series which the
user crops to isolate the heart.
• The cropped image appears at the right of the GUI (as in Figure 3.22). The
user clicks in the centre of the septum in order to set up the in-plane polar
co-ordinate system (the centre of mass of the segmented myocardium is
also used).
• The user then segments the myocardium (white arrow). This is done by
clicking at several points around the outer edge of the myocardium (pur-
ple dots) which are automatically joined together by a spline drawing al-
gorithm (Lee, 1989) (yellow line). Double clicking brings up the velocity
map where the segmentation can be adjusted to make sure it is as accu-
rate as possible. The process is then repeated for the inner edge of the
myocardium. A mask is then produced from the spline curves.
• The mask is used to segment the myocardium in the velocity maps for
each direction of encoding and the phantom background maps are sub-
tracted (having first been smoothed using a median filtering technique to
avoid adding noise). The mask is automatically split into 6 circumferen-
tial regions and velocities in each direction are averaged with the results
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(up to the current phase) plotted on the three axes at the left of the GUI
(green arrow). Global velocities averaged over the whole mask are also
calculated.
• All velocities and masks are saved after each image is segmented. This
allows the user to segment part of a series and return to it later (pressing
‘Load’ instead of ‘GO’).
• The image selection bar (blue arrow) is used to move on to the next image.
The process is repeated. The previous segmentation is used as a starting
point for the next image in order to save time.
• The ‘Pre-segmented’ button can be used to carry out new analysis (eg
splitting the myocardium into more regions) without having to redefine
the co-ordinate axes and myocardial borders.
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Chapter 4
Navigator Gated Acquisitions
This Chapter will demonstrate that the navigator sequence is capable of re-
producibly measuring peak and time-to-peak values in all three directions and
throughout the entire cardiac cycle. It will also show that the resolution is high
enough to assess regional variations in motion, both for the healthy population
as a whole and on an individual basis. Both the left and right ventricles will be
analysed.
Navigator-gated phase velocity mapping sequences using respiratory naviga-
tors have previously detected fine features ofmotion, for example a small bipha-
sic pattern of radial velocities in early diastole (Jung et al., 2006a) or complex
patterns of ventricular twisting (Codreanu et al., 2010). Subtle changes in re-
gional motion caused by age and gender have been reported, as well as large
differences both in peak velocities and the regional variation of time-to-peak
(TTP)s in disease (Delfino et al., 2008b; Föll et al., 2010). However, the acqui-
sition durations for these studies is long (nominally 128 cardiac cycles with ac-
quired spatial resolution of 2.6x1.3mm and temporal resolution of 13.8ms with
view sharing (Jung et al., 2006a) or 180 cardiac cycles with acquired spatial res-
olution of 2.6x1.4mm and temporal resolution of 26ms (Delfino et al., 2008b))
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and these are further extended by the inherently poor efficiency (typically 40%)
of navigator gating techniques. Prospective cardiac gating has been used in all
previous PVM studies of the myocardium which limits data acquisition and
analysis of velocities to around 90% of the cardiac cycle.
The navigator-gated technique described in Chapter 3 can acquire images with
similar or improved resolution to previous studies, but in a much reduced ac-
quisition time because of the efficient spiral k-space trajectories that have been
used and because of our bio-feedback mechanism (see Section 3.2.1.2.1). The
use of retrospective cardiac gating also allows us to analyse the entire cardiac
cycle, including atrial systole, giving our technique the advantages of efficiency
and comprehensive temporal coverage.
Parts of this Chapter are adapted from a paper published in the Journal of Car-
diovascular Magnetic Resonance entitled ‘Efficient and reproducible high res-
olution spiral myocardial phase velocity mapping of the entire cardiac cycle’
(Simpson et al., 2013a). Oral presentations of this work were shortlisted for the
basic science Early Career Award at the Society for Cardiovascular Magnetic
Resonance conference of 2013 (San Francisco) and awarded a magna cum laude
award at the International Society of Magnetic Resonance in Medicine confer-
ence of 2013 (Salt Lake City). Parts of this work have also been presented at UK
conferences and events.
4.1 Methods
4.1.1 Sequence
The navigator version of the sequence as described in Section 3.2 was used to
scan ten healthy volunteers (mean age 31 years, range 24-56) on two occasions
(9.7 days apart on average). A summary of the sequence details can be found in
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Parameter Value
Acquired temporal resolution 21ms
Acquired spatial resolution 1.4 x 1.4mm
Number of reconstructed phases 60
Reconstructed pixel size 0.7 x 0.7mm (zero-filling)
Number of spirals 13
Spiral duration 12ms
Scan length 53 heartbeats (100% efficiency)
Navigator 90/180 crossed pair
Navigator duration 9ms+10ms feedback time
Acceptance window 5mm
Acceptance criterion Before and after
Biofeedback Screen in scanner room
Through-plane VENC 30cm/s
In-plane VENC 20cm/s
Black-blood frequency Every 3 phases
Flip angle 15o
Field of view 360mm
Table 4.1: Navigator sequence details
Table 4.1.
4.1.2 Protocol
The scans were carried out on a Siemens 3T scanner (MAGNETOMSkyra) equipped
with an anterior cardiac 18-element matrix coil and a 48 element spine array. 6
elements of the cardiac coil and 6 elements of the spine coil were used for all ac-
quisitions in order to limit the processing time and the subject and cardiac coil
were carefully positioned to ensure complete coil coverage of the heart. The
scan protocol was:
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• Localiser images (3 sagittal, 3 transverse and 3 coronal)
• Long axis cine (2 chamber view)
• Long axis cine (4 chamber view)
• Mid ventricular short axis cine (50% of ventricular length)
• Diaphragm localiser (6 transverse slices) to identify the dome of the right
hemi-diaphragm
• Navigator scout to determine the position of the navigator acceptance
window
• Shimming and frequency adjustment
• PVM mid ventricular short axis slice
• Frequency adjustment
• PVM basal short axis slice (25% of ventricular length)
• Frequency adjustment
• PVM apical short axis slice (75% of ventricular length)
• Frequency adjustment
• Repeat of PVM mid short axis slice (this was performed in 7 out of 10 of
the volunteers to assess short term reproducibility)
Shimming was carried out based on a user defined adjustment box which cov-
ered the entire left ventricle. The Siemens cardiac shim was run 3 times con-
secutively to ensure a good shim, and then the frequency adjustment was per-
formed. Repeating the shim improves the final result since each shim starts
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with the values from the previous shim, iteratively improving the result. Fre-
quency adjustment was also performed before each PVM scan to account for
any frequency drift.
Once the subject was out of the scanner the entire protocol was repeated in
a large homogeneous stationary phantom (33cmx22cmx42cm, gelatine with
5mM concentration of Gadobutrol to shorten T1). A simulated ECG with the
same heart-rate as the subject was used to trigger the phantom acquisitions.
The phantom acquisitions enabled the accurate correction of background phase
shifts in the corresponding in vivo acquisitions as described in Section 3.2.4.1.4.
4.1.3 Analysis
The images were all analysed in MATLAB using the custom software described
in Section 3.4. The data was analysed globally and regionally with the my-
ocardium being split both circumferentially into 6 regions and radially into 3
regions. As well as velocity-time curves, peak and TTP values were measured.
For visualisation, each slice was also split into 24 regions circumferentially and
velocities were colour coded to produce colour maps.
Statistical testing was performed using SPSS (SPSS 19, SPSS, Chicago, Ill). Af-
ter checking for normality using the Shapiro-Wilk test, mean ± SD of global
longitudinal, radial and circumferential parameters was determined for each
slice (basal, mid and apical). Repeated measures analysis of variance (with
Greenhouse-Geisser correction in the case of non-sphericity) and paired t-testing
(with Bonferroni correction for multiple testing) were used to compare peak
and TTP velocities between slices. Differences between endo, mid and epi-
cardium velocities were also analysed.
Inter-study reproducibility of all parameters (peak velocities as well as TTP
values) was calculated using the mean ± SD of the signed differences between
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repeat acquisitions, together with Bland-Altman analysis. The inter-study re-
producibility of TTP values was determined both for absolute measured times
from the R-wave (in ms) and for values expressed as a percentage of the length
of systole or diastole in order to take into account inter-subject heart rate vari-
ation.
For the right ventricle, only global longitudinal velocities were analysed. This
is because of the asymmetrical nature of the RV free wall which does not easily
lend itself to regional analysis. Results are compared with those from the left
ventricle.
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4.2 Results
4.2.1 LV
Figure 4.1: Example mid short axis slice image from diastole showing magni-
tude image (a), through plane velocity map (b) and in plane velocity maps (c)
and (d).
Images were successfully acquired from all three slices on two separate oc-
casions for all ten healthy volunteers. Figure 4.1 shows an example diastolic
magnitude image of the mid slice of a single volunteer, together with the cor-
responding velocity maps. The myocardium is clearly depicted, blood and
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fat suppression is good and the short spiral duration, combined with careful
shimming and frequency adjustment, has minimised off-resonance blurring.
The guided breathing (as described in Section 3.2.1.2) was tolerated well by
all subjects leading to a mean navigator efficiency of 57% (SD ±9%, range =
38% − 82%). The acquisition duration per slice was therefore 95 cardiac cycles
(SD ±16, range = 65 − 138). The average heartbeat duration was 994ms (SD
±121ms, range = 813 − 1226ms). The durations of systole and diastole respec-
tively (as determined from the radial velocity time curves, see the next Section)
were 349± 38ms and 645± 91ms.
4.2.1.1 Global velocity curves
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Figure 4.2: Global velocity-time curves for all ten volunteers. Due to variations
in heart rate, the position of late diastolic peaks is very variable.
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Global (ie averaged over an entire slice) longitudinal, radial and circumferential
velocity-time curves in the basal, mid and apical slices can be seen for all ten
volunteers in Figure 4.2. The main features of motion are very similar for all
volunteers, although differences in heart rate clearly affect the timing of peaks,
particularly towards the end of the cardiac cycle.
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Figure 4.3: Normalised global velocity-time curves for all ten volunteers. Nor-
malising the lengths of systole and diastole makes the position of peaks much
more consistent between subjects.
The result of normalising the curves based on the position of end systole can
be seen in Figure 4.3 (the position of end systole is marked ES on the radial
curves). The normalisation is performed by stretching systole and diastole in-
dependently so that systole lasts 350ms and diastole 650ms for each volunteer
(350ms and 650ms are approximately the average lengths of systole and dias-
tole over the ten volunteers). This goes some way to removing the variability in
timings between volunteers and makes the curves much easier to compare.
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The main peaks through the cycle are marked on these curves. In the longitudi-
nal and radial directions there are three main peaks; the systolic peak (referred
to as SL and SR for longitudinal and radial directions respectively), the early
diastolic peak (DL and DR) and the atrial systolic peak (ASL and ASR). In the
circumferential direction, there are two systolic peaks (C1 and C2) and onemain
diastolic peak (C3). To quantitatively compare curves, the magnitude of these
peaks and the times in the cardiac cycle at which they occur can be used as
shown in the next section.
4.2.1.2 Global Peak and TTP velocities
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Figure 4.4: Mean ± SD peak and time-to-peak velocity values as measured (left)
and normalised based on the position of end systole (right). Values in each slice
(base, mid and apex) are treated separately.
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For each of the peaks labelled in Figure 4.3, the peak and time to peak velocity
values have been measured in order to characterise the motion. The mean and
standard deviation of those peaks and TTPs are shown in Figure 4.4. On the
left values are shown as measured, on the right they are shown normalised to
end systole as described in the previous section. By normalising to end systole,
the standard deviation of TTP values is clearly greatly reduced, particularly for
peaks occurring later in the cardiac cycle. The peak and TTP values can be
found in Table 4.2.
As expected (see Section 2.2.5) the peak systolic and diastolic velocities in the
longitudinal direction are higher at base than apex (6.94 ± 1.87cm/s vs 4.83 ±
1.70cm/s, and −9.45± 1.97cm/s vs −4.27 ± 1.67cm/s respectively, p < 0.001 for
both). In one of the apical velocity-time curves, ASL was not clearly shown
but in the remaining cases, peak ASL decreased significantly from base to apex
(−2.62± 0.99cm/s vs −0.81± 0.29cm/s, p < 0.001).
Peak radial velocities do not decrease from base to apex, with similar peak sys-
tolic, diastolic and atrial systolic velocity values at all levels. ASR is seen clearly
in all volunteers and all slices.
Both C1 and C2 are higher at base than apex (C1 −2.88 ± 1.35cm/s vs −3.50 ±
1.23cm/s, p < 0.01, C2 2.33 ± 0.91cm/s vs 0.39 ± 0.69cm/s, p < 0.001). The
opposite polarity of C3 at base and at apex indicate the characteristic untwisting
of the ventricle as it relaxes. In the mid-slice there is no consistent peak in
global velocities at early diastole and so no values for C3 in the mid-slice are
reported.
The average velocities over the entire cycle for all velocity-time curves showed
small differences from zero (values averaged over slices for global velocity-time
curves are 0.24±0.28cm/s for longitudinal velocities, −0.25±0.10cm/s for radial
velocities and 0.043 ± 0.11cm/s for circumferential velocities). This indicates
that background phase offsets which are not corrected for in the reconstruction
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are being removed by the phantom subtraction. A fuller discussion of back-
ground phase offsets and the reasons for the remaining differences from zero
can be found in Section 4.2.1.6.
The ratio of the early diastolic peak to the atrial systolic peak in longitudinal
and radial directions was also calculated. This is analogous to the parameter
E/A (the ratio of peak early (E) filling and late diastolic filling (A)) measured
at the level of the mitral valve in echocardiography to assess diastolic function
(Nagueh et al., 2009). These values, along with the peak velocity values, can be
found in Table 4.2.
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Peak TTP (ms) TTP (norm ms)
BASE
SL (cm/s) 6.94±1.87 58.3±11.8 60.6±6.7
DL(cm/s) -9.45±1.97 458.0±33.3 467±26
ASL(cm/s) -2.62±0.99 881.1±101.7 864.8±34.5
E/AL 4.26±2.39
SR(cm/s) 2.35± 0.28 117.5±24.5 120.4±15.8
DR(cm/s) -4.01 ±0.65 446.5±34.5 456.0±18.2
ASR(cm/s) -1.41 ±0.41 864.6±106.4 857.0±46.2
E/AR 3.00±0.76
C1(cm/s) -2.88±1.35 42.3±11.2 44.5±9.1
C2(cm/s) 2.33±0.91 133.8±15.3 140.7±20.0
C3(cm/s) -1.58±0.52 391.2±48.9 410.5±16.3
MID
SL (cm/s) 5.87±1.89 55.6±10.3 59.9±6.3
DL(cm/s) -6.50±1.85 461.2±39.7 483.3±24.1
ASL(cm/s) -1.66±0.67 858.5±137.5 869.4±30.6
E/AL 4.97±3.29
SR(cm/s) 2.38±0.38 108.5±18.0 123.6±16.1
DR(cm/s) -3.61±0.77 457.7±68.5 487.2±20.2
ASR(cm/s) -1.59±0.43 865.7±129.3 875.9±29.9
E/AR 2.43±0.87
C1(cm/s) -3.52±1.50 46.8±12.6 48.7±9.8
C2(cm/s) 1.40±0.83 135.0±19.5 147.4±21.4
APEX
SL (cm/s) 4.83±1.70 50.7±9.73 51.5±7.7
DL(cm/s) -4.27±1.67 454.3±28.6 449.5±41.0
ASL(cm/s) -0.81±0.29 * 876.2±105.2* 859.0±30.6
E/AL 5.59±3.04*
SR(cm/s) 2.14±0.27 110.2±20.6 114.8±22.1
DR(cm/s) -3.99±0.94 484.8±43.6 482.6±30.6
ASR(cm/s) -1.57±0.45 884.1±106.1 880.4±28.6
E/AR 2.67±0.66
C1(cm/s) -3.50±1.23 49.4±11.2 48.3±6.3
C2(cm/s) 0.39±0.69 138.3±21.0 141.8±41.6
C3(cm/s) 2.09±0.72 364.3±38.0 359.1±21.5
Table 4.2: Peak and TTP mean ± SD values in all three slices. TTP values are
shown in raw ms values and when normalised to average systolic and diastolic
durations. This normalisation reduces the variation in timing for AS peaks in
particular.
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TTP values are also shown as measured in milliseconds and in normalised mil-
liseconds based on the average lengths of systole (350ms) and diastole (650ms)
as described above. The standard deviation of TTP in milliseconds is small for
the systolic parameters (SL, SR, C1 and C2), increases for early diastolic param-
eters (DL, DR and C3) and increases further for late diastolic parameters (ASL,
ASR). However, when normalised, the variability of the diastolic TTP values is
reduced, particularly for atrial systole. For example the average ± SD of TTP
ASL is 858.5± 137.5ms from the R-wave but 869.4± 30.6ms when normalised.
4.2.1.3 Regional velocities
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Figure 4.5: Regional velocity-time curves for one volunteer in all directions and
slices. See Section 1.4.1 for the definition of circumferential regions
While global velocities are a good way of characterising the myocardial mo-
tion, the images acquired have high spatial resolution and so regional analysis
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can also be performed. Figure 4.5 shows the longitudinal, radial and circum-
ferential velocities for all three slices in a single volunteer. The different colour
coded curves represent different regions in the myocardium as described in Sec-
tion 1.4.1.
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Figure 4.6: Regional longitudinal (left), radial (middle) and circumferential
(right) velocity-time curves in each of the six AHA sections of the mid slice
for all volunteers.
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Figure 4.7: Longitudinal colour overlays from a single volunteer in the basal
(top), mid (middle) and apical (bottom) slices. Five time points of interest are
shown.
Figure 4.6 shows the regional curves from the mid slice of all volunteers in the
longitudinal, radial and circumferential directions. From these regional veloc-
ity plots we can see certain regional features of motion, for example longitu-
dinal lateral velocities are clearly higher than septal velocities. However the
regional segmentation is coarse compared with the image resolution and the
plots are overcrowded and not particularly easy to interpret.
Figures 4.7 to 4.9 show magnitude images from a single volunteer with the
velocities colour coded and overlaid on top. Each Figure displays a single di-
rection of motion in all three slices and at five time points of interest. The early
systolic time point corresponds with the peak systolic longitudinal velocity (SL)
and with the first circumferential peak (C1), while the mid systolic time point
corresponds to SR and C1. The early and late diastolic time points correspond
to DL/DR and ASL/ASR respectively. End systole is also shown. While this
shows regional variation of motion at single time points, it is difficult to display
the entire cardiac cycle and all three directions of motion in a single figure. A
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Figure 4.8: Radial colour overlays from a single volunteer in the basal (top),
mid (middle) and apical (bottom) slices. Five time points of interest are shown.
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Figure 4.9: Circumferential colour overlays from a single volunteer in the basal
(top), mid (middle) and apical (bottom) slices. Five time points of interest are
shown.
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better visualisation of regional velocities over time has been developed and is
described in the following section.
4.2.1.4 Colour plots
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Figure 4.10: Colour plots for average longitudinal (left), radial (middle) and
circumferential (right) velocities over the subjects. Colour scale is shown in
cm/s. The colour plots clearly show regional variation both between slices and
between different regions of the same slice.
Colour plots averaged over all ten volunteers can be seen in Figure 4.10. These
are produced by splitting the myocardium circumferentially into 24 regions.
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Circumferential position is then plotted on the y-axis against time on the x-
axis. In order that averaging over the volunteers does not smear out any fine
details of motion, the heartbeat is split into four sections; systole, early dias-
tole, diastasis and atrial systole, and each section is normalised separately. The
normalised and averaged velocities are then colour coded to produce the plots
for each direction of motion and for each myocardial slice.
The colour plots enable rapid interpretation of a large amount of velocity data.
Complicated patterns of motion can be seen in all slices and in all directions.
The trend for increasing longitudinal velocities from apex to base, particularly
forDL, can clearly be seen. Regional differences in peak and TTP values are also
obvious: for example the systolic peak SL is strongest in the lateral regions in
the basal and mid slices, whereas at apex it is strongest in the inferior segments.
The atrial systolic peak is seen clearly at base and mid level and is less clear at
apical level.
Radial velocities show greatest regional variation at base. In particular the main
diastolic peak DR is strongest in the anterior and inferior regions at base, with
the septum (AS and IS) showing a biphasic pattern as previously described
(Jung et al., 2006a). ASR is strongest in the inferolateral region in all slices.
Circumferential velocities show a strong negative peak (C1) immediately after
the R-wave which is followed by a second in the opposite direction (C2) in the
basal and mid slices. C2 is also consistently present at apical levels as a point
of inflection, at approximately zero velocity (0.39± 0.69). During early diastole
the motion is highly dependent on position within the ventricle. C3 is a sharp
negative peak at base which shows regional variation in timing, whereas at apex
the peak is broader but positive, leading to the characteristic wringing motion
of the heart.
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Figure 4.11: Basal (top), mid (middle) and apical (bottom) longitudinal colour
plots for three individual volunteers (separate column for each volunteer).
Colour scale is shown in cm/s.
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Figure 4.12: Basal (top), mid (middle) and apical (bottom) radial colour plots
for three individual volunteers. Colour scale is shown in cm/s.
4.2 Results 200
Volunteer 1
’RS2604BaseThetamap.txt’
IS
I
IL
AL
A
AS
Ba
se
Volunteer 2
’HRT3105BaseThetamap.txt’
IS
I
IL
AL
A
AS
Volunteer 3
’JC1406BaseThetamap.txt’
IS
I
IL
AL
A
AS
’RS2604MidThetamap.txt’
IS
I
IL
AL
A
AS
M
id
’HRT3105MidThetamap.txt’
IS
I
IL
AL
A
AS
’JC1406MidThetamap.txt’
IS
I
IL
AL
A
AS
’RS2604ApexThetamap.txt’
C1 C2 C3
IS
I
IL
AL
A
AS
Ap
ex
’HRT3105ApexThetamap.txt’
C1 C2 C3
Circumferential velocity cm/s
IS
I
IL
AL
A
AS
-6 -4 -2  0  2  4  6
’JC1406ApexThetamap.txt’
C1 C2 C3
IS
I
IL
AL
A
AS
Figure 4.13: Basal (top), mid (middle) and apical (bottom) circumferential
colour plots for three individual volunteers. Colour scale is shown in cm/s.
Figures 4.11 to 4.13 show the colour plots for three individual volunteers, cho-
sen to highlight inter-subject variations (Volunteer 1 is the same volunteer shown
in Figures 4.7 to 4.9). The three directions of motion are shown in separate fig-
ures, allowing comparisons between volunteers. Although the plots are nois-
ier than the averaged version, regional variation of velocities (for example the
low longitudinal velocities in the septal regions) is still visible and easily inter-
pretable. The plots are not time normalised which can be seen by the different
durations of the various phases of the cycle (as marked by horizontal lines).
In the longitudinal direction differences between the volunteers can be seen,
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both in the magnitude of the peaks (DL is higher in Volunteer 3 than Volunteer
1 in all slices for example), and in the regional variation (SL is more localised
in Volunteer 1 than Volunteers 2 and 3 for example). In the radial direction,
the biphasic pattern in the septum is clearly seen in Volunteers 1 and 3 but it
not seen in Volunteer 2. Again some differences in magnitude can be seen. The
circumferential direction shows the most variation of velocities, particularly in
diastole.
The ability to detect inter subject variations suggests that the plots could be
useful on a patient-by-patient basis, not just for looking at populations.
4.2.1.5 Transmural velocities
As well as splitting the myocardium circumferentially into regions, the image
resolution is high enough that the myocardium can be analysed in different
transmural layers. Each slice has been split into three transmural regions (en-
docardium, mid-myocardium and epicardium) and the average peak velocities
in each layer are shown in Table 4.3.
The radial direction shows a consistent velocity gradient across themyocardium
throughout the cardiac cycle and in all slices, with endocardial velocities sig-
nificantly higher than mid-myocardial velocities which in turn are significantly
higher than epicardial velocities. The longitudinal direction does not show this
pattern, although in a few cases there are significant differences between layers.
The circumferential velocities show no differences at base but at mid and apical
levels epicardial velocities are generally higher than endocardial velocities - this
is a gradient in the opposite direction to that which is seen in radial velocities.
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Peak velocity(cm/s) Endocardium Mid Epicardium P(Endo-Mid) P(Mid-Epi)
BASE
SR 2.55 ± 0.78 2.15 ± 0.64 1.87 ± 0.48 P<0.001 P<0.01
DR -4.22 ± 1.02 -3.69 ± 0.80 -3.20 ± 0.58 P<0.001 P<0.001
ASR -1.47 ± 0.51 -1.36 ± 0.46 -1.19 ± 0.44 P=0.05 P<0.05
SZ 7.02 ± 1.89 6.97 ± 1.81 6.79 ± 1.88 NS NS
DZ -9.65 ± 1.95 -9.44 ± 1.96 -9.29 ± 2.05 NS NS
ASZ -2.72 ± 0.82 -2.75 ± 0.87 -2.72 ± 0.87 NS NS
C1 -2.33 ± 1.27 -2.75 ± 0.87 -2.72 ± 0.87 NS NS
C2 2.01 ± 1.09 1.99 ± 1.15 2.04 ± 1.17 NS NS
C3 -1.55 ± 0.45 -1.97 ± 1.16 -1.60 ± 0.49 NS NS
MID
SR 2.75 ± 0.44 2.38 ± 0.41 2.09 ± 0.33 P<0.001 P<0.001
DR -4.53 ± 0.74 -4.11 ± 0.61 -3.63 ± 0.51 P<0.001 P<0.001
ASR -1.72 ± 0.43 -1.62 ± 0.45 -1.46 ± 0.41 P<0.05 P<0.01
SL 5.86 ± 1.94 5.92 ± 1.89 5.73 ± 1.89 NS P<0.05
DL -6.67 ± 1.91 -6.72 ± 2.01 -6.60 ± 2.02 NS P<0.05
ASL -1.81 ± 0.68 -1.87 ± 0.71 -1.99 ± 0.64 NS NS
C1 -3.45 ± 1.48 -3.60 ± 1.52 -3.56 ± 1.57 P<0.05 NS
C2 1.26 ± 0.76 1.35 ± 0.81 1.52 ± 0.85 P<0.05 P<0.001
APEX
SR 2.45 ± 0.28 2.16 ± 0.27 1.90 ± 0.26 P<0.001 P<0.001
DR -4.47 ± 1.05 -4.04 ± 0.93 -3.56 ± 0.85 P<0.001 P<0.001
ASR -1.65 ± 0.43 -1.58 ± 0.46 -1.47 ± 0.45 NS P<0.02
SZ 4.64 ± 1.73 4.85 ± 1.71 4.89 ± 1.71 P<0.02 NS
DZ -4.18 ± 1.71 -4.36 ± 1.70 -4.31 ± 1.67 P<0.05 NS
ASZ -0.87 ± 0.31 -0.86 ± 0.34 -0.87 ± 0.35 NS NS
C1 -3.28 ± 1.15 -3.52 ± 1.24 -3.65 ± 1.29 P<0.001 P<0.01
C2 0.21 ± 0.66 0.33 ± 0.74 0.50 ± 0.78 NS P<0.05
C3 2.03 ± 0.62 2.15 ± 0.73 2.15 ± 0.75 P<0.05 NS
Table 4.3: Transmural peak velocities in all three slices. Also shown are any sig-
nificant differences between endocardium and mid myocardium and between
mid myocardium and epicardium.
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4.2.1.6 Phantom offsets
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Figure 4.14: Global background offsets through the cardiac cycle for all ten
volunteers and in all slices. The directions Z, X and Y are the measured veloc-
ity encoding directions rather than the longitudinal, radial and circumferential
directions.
In order to show the necessity of the phantom background correction, the aver-
age phantom velocities over the area covered by the myocardium in the basal,
mid and apical slices for each of the volunteers is shown in Figure 4.14. These
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are the errors which would be present in the measured velocities if no correc-
tion was performed. In each of the three directions and in all slices the offset
is between 0 and 1.5cm/s and is fairly stable over the cardiac cycle, although
regular oscillations (possible due to the black blood pulses) are seen. The level
of offset is similar for all three slices. A small bump in the trace can be seen
towards the beginning of the cardiac cycle, this could potentially be caused by
the navigator acquisition disrupting the steady state of the sequence.
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Figure 4.15: Through plane background offsets for all ten volunteers (1-10) in
basal, mid and apical slices. The position of the myocardium is marked with a
black outline.
To show the regional variation in background offsets, the first phase maps of the
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longitudinally encoded phantom acquisitions for all ten volunteers are shown
in Figure 4.15 with a colour scale designed to show regional variations. The in
plane offsets are shown in Figure 4.16. Towards the edge of the images an offset
of around 5cm/s is seen, but in the region of the myocardium (shown by the
black outline) little variation is seen in most cases and the offset is close to zero.
This is because a cuboid covering the left ventricle is chosen during scanning
as the shim region to be optimised, so outside of this region the shim will not
be as good. However, in some cases non-zero varying offsets can be seen at the
position of the myocardium (for example in the Y direction in the apical slice).
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Figure 4.16: In plane background offsets for all ten volunteers (1-10) in basal,
mid and apical slices. The position of the myocardium is marked with a black
outline.
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4.2.1.7 Reproducibility
Peak Reproducibility TTP (ms) Reproducibility TTP norm Reproducibility
BASE
SL (cm/s) 6.94±1.87 -0.50±1.07 58.3±11.8 0±8.1 60.6±6.7 -1.8±6.3
DL(cm/s) -9.45±1.97 -0.30±1.54 458.0±33.3 18.7±41.1 467±26 4.6±28.0
ASL(cm/s) -2.62±0.99 -0.26±1.04 881.1±101.7 57±90.8 864.8±34.5 27.3±52.7
E/AL 4.26±2.39 -0.20±1.90 - - - -
SR(cm/s) 2.35± 0.28 0.05±0.27 117.5±24.5 4.6±14.4 120.4±15.8 2.5±19.6
DR(cm/s) -4.01 ±0.65 -0.20±0.96 446.5±34.5 13.9±30.9 456.0±18.2 1.3±29.3
ASR(cm/s) -1.41 ±0.41 -0.15±0.36 864.6±106.4 38.7±91.4 857.0±46.2 9.1±59.2
E/AR 3.00±0.76 -0.08±0.61 - - - -
C1(cm/s) -2.88±1.35 0.12±0.58 42.3±11.2 0±9.8 44.5±9.1 0.4±12.3
C2(cm/s) 2.33±0.91 0.07±0.64 133.8±15.3 -0.2±14.8 140.7±20.0 3.2±18.9
C3(cm/s) -1.58±0.52 -0.37±0.61 391.2±48.9 7.2±35.9 410.5±16.3 3.9±26.7
MID
SL(cm/s) 5.87±1.89 -0.56±0.87 55.6±10.3 -1.1±6.6 59.9±6.3 -4.5±7.7
DL(cm/s) -6.50±1.85 0.21±1.54 461.2±39.7 20.6±30.4 483.3±24.1 -3.5±22.2
ASL(cm/s) -1.66±0.67 0.22±1.08 858.5±137.5 26.6±103.9 869.4±30.6 -1.1±25.6
E/AZ 4.97±3.29 -1.37±4.95
SR(cm/s) 2.38±0.38 -0.01±0.36 108.5±18.0 -7.1±24.1 123.6±16.1 -13.8±27.4
DR(cm/s) -3.61±0.77 0.20±0.56 457.7±68.5 26.3±35.7 487.2±20.2 1.3±21.3
ASR(cm/s) -1.59±0.43 0.14±0.42 865.7±129.3 25.4±88.2 875.9±29.9 3.0±10.9
E/AR 2.43±0.87 -0.01±0.66 - - - -
C1(cm/s) -3.52±1.50 0.10±0.50 46.8±12.6 2.4±10.2 48.7±9.8 0.9±9.5
C2(cm/s) 1.40±0.83 -0.20±0.48 135.0±19.5 -2.8±13.6 147.4±21.4 -9.5±7.6
APEX
SL (cm/s) 4.83±1.70 -0.11±0.67 50.7±9.73 -1.6±11.5 51.5±7.7 -3.5±8.4
DL(cm/s) -4.27±1.67 -0.31±1.35 454.3±28.6 14.6±24.8 449.5±41.0 2.0±24.7
ASL(cm/s) -0.81±0.29 * 0.29±0.78 ** 876.2±105.2* 37.6±83.7** 859.0±30.6 20.2±33.2
E/AL 5.59±3.04* 0.30 ± 0.78 ** - - - -
SR(cm/s) 2.14±0.27 0.02±0.33 110.2±20.6 -1.6±19.8 114.8±22.1 -7.7±18.6
DR(cm/s) -3.99±0.94 -0.10±0.95 484.8±43.6 8.0±15.6 482.6±30.6 -3.9±28.6
ASR(cm/s) -1.57±0.45 -0.15±0.48 884.1±106.1 14.4±76.6 880.4±28.6 5.2±39.7
E/AR 2.67±0.66 -0.23±0.64 - - - -
C1(cm/s) -3.50±1.23 -0.04±0.57 49.4±11.2 2.2±10.8 48.3±6.3 -0.4±12.6
C2(cm/s) 0.39±0.69 -0.00±0.38 138.3±21.0 -3.2±12.6 141.8±41.6 12.3±22.1
C3(cm/s) 2.09±0.72 0.17±0.59 364.3±38.0 10.7±14.6 359.1±21.5 -2.6±36.4
Table 4.4: Reproducibility of Peak and TTP measurements. Asterisks represent
parameters which were not seen in all volunteers.
The inter-study reproducibilities for peak and TTP measurements are shown in
Table 4.4. For each parameter the mean and standard deviation of the signed
differences between the twomeasurements (made on separate occasions) is quoted.
All global peak velocities have high reproducibility with the standard deviation
of the signed differences ranging from 0.67 cm/s (apical SL) to 1.54 cm/s (mid
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DL) in the longitudinal direction, 0.27 cm/s (basal SR) to 0.96 cm/s (basal DR)
in the radial direction and 0.38 cm/s (apical C2) to 0.64 cm/s (basal C3) in the
circumferential direction. Atrial systolic measurements are more reproducible
in the radial than the longitudinal direction, which also leads to better repro-
ducibility for E/A values in the radial direction.
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Figure 4.17: Bland-Altman plots for peak velocity values in the basal slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
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Figure 4.18: Bland-Altman plots for peak velocity values in the mid slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
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Figure 4.19: Bland-Altman plots for peak velocity values in the apical slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
Figures 4.17 to 4.19 show Bland-Altman plots for peak velocities in the basal,
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mid and apical slices respectively. The black horizontal lines show the mean
difference and the grey lines show mean ± 1.96SD of the differences. The y-axis
has the same scale for all plots. None of the measurements show systematic
differences from zero in any slices. While in most cases the limits of agreement
are small compared with the measured peak values, ASL shows variation that is
similar to its value.
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Figure 4.20: Bland-Altman plots for raw (top) and normalised (bottom) TTP SL
(left), DL (middle) and ASL (right) for the two measurements in the mid slice in
all volunteers. Normalising clearly reduces the variation for ASL.
The reproducibility of TTP (ms) of the systolic parameters (SL, SR, C1 and C2) is
high at all slice levels (eg at mid level SL = −1.1±6.6ms, SR = −7.1±24.1ms, C1 =
2.4±10.2ms andC2 = −2.8±13.6ms), while that of later peaks (diastole and atrial
systole) is reduced. When normalised to fixed systolic and diastolic lengths, this
degradation of reproducibility through the cycle is removed. The improvement
can also be seen in the Bland-Altman plots in Figure 4.20 which show the re-
producibility of TTP parameters in the mid slice when unnormalised (top) and
normalised (bottom). The improvement in reproducibility for TTP increases
through the cardiac cycle. While SL is not much affected, the improvement in
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Figure 4.21: Bland-Altman plots for TTP velocity values in the basal slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
reproducibility of TTP atrial systole is clear from comparing the rightmost plots
in the first and second rows of this Figure.
The reproducibility for normalised TTPs for all parameters is shown for basal,
mid and apical slices in Figures 4.21, 4.22 and 4.23 respectively. Limits of agree-
ment are small for all measured parameters and all slices due to the normalisa-
tion.
The intra-study reproducibility from the mid slice parameters is shown in Ta-
ble 4.5. The values are very similar to those found in the mid slice for inter-
study reproducibilities. Normalising the TTP values has again improved the
reproducibility of the measured values, particularly for later peaks.
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Figure 4.22: Bland-Altman plots for TTP velocity values in the mid slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
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Figure 4.23: Bland-Altman plots for TTP velocity values in the apical slice. The
average of the two measurements in each of the ten volunteers is plotted on the
x-axis against the difference between the measurements on the y-axis.
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Peak (cm/s) TTP (ms) Normalised (normalised ms)
SL 0.43 ± 0.76 -5.9 ± 10.5 -4.2 ± 7.3
DL -0.86 ± 1.55 -12.7 ± 28.7 7.2 ± 12.9
ASL -0.90 ± 1.20 -48.9 ± 112.7 -2.7 ± 54.3
SR 0.18 ± 0.37 12.9 ± 23.0 15.2 ± 21.6
DR -0.30 ± 0.50 -15.0 ± 27.5 5.3 ± 11.9
ASR -0.28 ± 0.20 -54.0 ± 86.6 -7.5 ± 19.5
C1 -0.17 ± 0.50 -2.6 ± 4.3 -1.4 ± 3.6
C2 0.01 ± 0.37 -1.4 ± 12.3 2.7 ± 14.5
Table 4.5: Intra-study reproducibilities for the mid slice. TTP values are shown
both as measured values and after normalisation to end systole.
4.2.2 RV
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Figure 4.24: Longitudinal RV velocity-time curves for all volunteers in basal
(left), mid (middle) and apical (right) slices.
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Peak TTP (ms) TTP (norm ms)
BASE
SL (cm/s) 7.29±1.65 142.3±50.5 146.6±50.3
DL(cm/s) -7.83±2.00 487.2±39.6 495.6±22.4
ASL(cm/s) -4.61±2.10 906.8±109.6 903.1±19.5
E/A 2.01±0.91 - -
MID
SL (cm/s) 5.08±1.67 151.4±72.5 152.7±72.2
DL(cm/s) -5.67±1.29 479.8±50.5 487.4±24.3
ASL(cm/s) -2.42±2.52 867.1±144.1 884.6±24.7
E/A 1.74±1.62 - -
APEX
SL (cm/s) 2.98±0.82 189.4±113.5 188.7±115.0
DL(cm/s) -3.34±0.89 511.8±39.0 508.6±35.9
ASL(cm/s) -1.87±0.64 901.4±108.8 900.1±28.3
E/A 2.01±0.97 - -
Table 4.6: Peak and TTP mean ± SD values in the RV
Peak Reproducibility TTP Reproducibility TTP norm Reproducibility
SL (cm/s) 0.21±1.31 20.2±72.4 11.6±78.2
DL(cm/s) 0.15±1.13 12.6±45.3 13.1±30.6
ASL(cm/s) 0.69±2.39 27.1±99.2 6.7±20.0
E/A 0.33±1.60 - -
Table 4.7: Reproducibility of peak and TTP mean ± SD values in the mid slice
of the RV
Due to the asymmetrical geometry of the RV only longitudinal velocities have
been analysed for this project. Global longitudinal velocity curves for all vol-
unteers and in all three slices can be seen in Figure 4.24. As with LV velocities
there are three main peaks in the cardiac cycle, SL, DL and ASL. Peak and TTP
(measured and normalised) values for these peaks can be seen in Table 4.6. Re-
producibility (mean ± SD of signed differences) for peak and TTP values is also
shown for the measured peaks in the mid slice in Table 4.7.
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Figure 4.25: Average Peak and TTP values for LV and RV. Mean ± SD values are
shown for all parameters.
Figure 4.25 shows the peak and TTP values for the right ventricle, with the
corresponding LV values also shown for comparison. Some differences are im-
mediately obvious; SL occurs later in the RV than in the LV (P<0.005 for all
levels) and has a greater standard deviation. While diastolic velocities are gen-
erally slightly higher in the LV (P<0.05 for basal and apical levels), the trend
is reversed in atrial systole, with RV velocities slightly higher than the paired
LV values (P<0.01 for basal and apical levels). These differences are only very
small when compared with the respective standard deviation of peak values
(see Tables 4.2 and 4.6).
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4.3 Discussion
4.3.1 Data acquisition
The navigator gated method as described in Chapter 3 is capable of acquiring
high resolution PVM images in a shorter time than has previously been possi-
ble. Retrospective cardiac gating has enabled analysis of myocardial velocities
throughout the cardiac cycle, including atrial systole.
The use of spirals has allowed the acquisition of images with high spatial (1.4mm
x 1.4mm) and temporal (21ms) resolution in a short time (53 cardiac cycles)
which compares favourably with previous Cartesian schemes (eg 2.6 x 1.3mm,
13.8ms (with view-sharing) in 128 cardiac cycles (Jung et al., 2006a) or 2.6 x
1.4mm, 26ms in 180 cardiac cycles (Delfino et al., 2008b)). Spiral imaging can
suffer from an increased level of artefact when compared with Cartesian imag-
ing. However, because of the careful attention to shimming, image quality has
been very good, despite the high field strength (3T). While off resonance arte-
fact may sometimes be seen in regions of high susceptibility change, such arte-
facts are well localised and do not appear to interfere with the resulting velocity
maps. An example of this type of artefact can be seen in the liver in Figure 4.1
close to the inferior regions of the LV.
By including the restriction that navigators both before and after the data is ac-
quired had to be within the acceptance window, respiratory motion was prop-
erly suppressed. Despite the necessity to have these strict navigator acceptance
criteria the technique was efficient (average 57%) since the volunteers were able
to guide their own breathing and most chose to complete the scan in a series of
short breath-holds rather than by regular slow breathing. However difficulties
are expected when using this technique to image patients due to the level of
compliance needed to use the respiratory trace to guide their own breathing.
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More sophisticated biofeedback mechanisms could be implemented in future
patient studies (Jhooti et al., 2011).
During navigator output and feedback, no image data may be acquired. For
prospective cardiac gating this means that no velocity information is available
during this time, whereas for retrospective gating it results in decreased accu-
racy in the retrospective data interpolation close to the navigator. In this study,
the navigator duration (9ms) and feedback time (10ms) were reduced as much
as possible to minimise this problem. The retrospective cardiac gating allows us
to calculate average velocities for the entire cardiac cycle, and, because they are
close to zero (see Section 4.2.1.2), we can be confident that the accuracy of the
technique overall is very good (we would not expect the velocities to be exactly
zero for several reasons; no slice following was performed, heart rate variations
could affect the final velocities measured (see Chapter 6), etc).
4.3.2 Results
Global longitudinal peak systolic and early diastolic velocities show the ex-
pected reductions from base to apex (eg Jung et al. (2006a)) and this pattern
is also seen in the atrial systolic peak velocities. The atrial systolic peak in
longitudinal velocity measures the passive motion of the ventricle as the atria
contract, pulling the base of the ventricle towards them. The peak velocity is
therefore larger at base (−2.62 ± 0.99 cm/s) than at apex (−0.81 ± 0.29 cm/s)
and was not seen in 3 (out of the 20) apical acquisitions, perhaps because atrial
systole is not sufficiently strong in some patients to allow passive longitudinal
motion to be consistently detected at the apical level (see bottom left graph of
Figure 4.3). Atrial systole also causes passive radial motion in the left ventri-
cle at all levels, caused by blood being forced into the LV by the contraction
of the atria: reduced radial peak velocity in atrial systole could therefore indi-
cate reduced LV compliance. As expected, in the radial direction, there were
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no changes in the magnitude of any of the peak velocities from base to apex
while in the circumferential direction, the characteristic wringing of the heart
was clearly apparent through the opposite polarity of the C3 peaks at the basal
and apical levels.
In addition to the quantification of peak velocities, the retrospective cardiac
gating has enabled us to determine the ratio of peak diastolic velocity and peak
atrial systolic velocity (here called E/A) in healthy subjects. In echocardiog-
raphy blood flow velocities at the mitral valve are measured at early diastolic
filling (the E-wave) and during atrial systole (the A-wave). The blood veloc-
ity is well established to reflect the LA-LV pressure gradient and hence these
measurements can give important information about preload, alterations in LV
relaxation, LV compliance and LA contractile function: mitral annular veloci-
ties are also used to give similar information (Nagueh et al., 2009). The ratio of
E/A myocardial velocities could give similar information, helping our under-
standing of age-related changes of motion as well as pathological motion. In
the radial direction this measurement is consistent and has good reproducibil-
ity, however in the longitudinal direction it is less reliable.
Time to peak velocities have also been investigated, both as measured from the
R-wave and when normalised to a fixed systolic or diastolic length, as appropri-
ate. The latter method greatly reduces the variability of the TTP values between
subjects, particularly in early and late diastole, and we suggest that TTP values
should always be quoted in this way.
The high spatial resolution of our technique also allows detailed analysis of
regional variations of myocardial motion. Regional myocardial velocity infor-
mation has been displayed on colour plots. These are analogous to bulls eye
plots which show all of the velocity information for the complete myocardium
at a single time point in the cardiac cycle (Föll et al., 2009), but instead show
the regional velocities for a given myocardial slice at all times in the cardiac cy-
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cle. This is an effective method of visualising regional variations in all velocity
peaks and their timings. Average normal subject plots have been presented and
could act as a reference for comparison with the diseased state. Prior to aver-
aging, individual velocity-time curves were normalised to a fixed RR interval.
While initial attempts at normalising to a fixed systolic and a fixed diastolic
length reduced the blurring of peaks that would be apparent due to heart rate
variations between subjects, peak preservation was further improved by nor-
malising each time curve to fixed lengths of systole, early diastole, diastasis
and atrial systole. In addition to regional difference in velocities around the
myocardium, transmural velocity gradients have also been shown.
4.3.3 Reproducibility
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Figure 4.26: Examples of heart rate variation in three volunteers both unnor-
malised (top) and normalised (bottom).
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The inter-study reproducibilities of peak velocity data are high and are bet-
ter than those obtained with lower temporal resolution sequences, both using
breath-holding techniques (eg SR in the mid slice was −0.01 ± 0.36 cm/s com-
pared with −0.12±0.84 cm/s with 37-87ms temporal resolution (Petersen et al.,
2006)) and navigator techniques (eg −0.56 ± 0.87cm/s for mid DL compared
with −0.51 ± 2.1cm/s in a navigator study with 35ms resolution (Delfino et al.,
2006)). The inter-study reproducibility of TTP (as measured from the R wave)
is strongly dependent on heart rate, particularly for the diastolic peaks. This
is clear from the example radial velocity plots in the mid slice of three vol-
unteers from acquisitions performed in two separate days which are shown in
Figure 4.26. In Volunteer 1, the heart rate was the same on both occasions and
the velocity-time curves agree well. In Volunteer 2, the RR interval changed by
approximately 50ms between the two acquisitions and, while the systolic and
early diastolic portions of the curves agree well, the length of diastasis is dif-
ferent and the atrial peaks therefore do not coincide. In the Volunteer 3, the
RR intervals changed by approximately 200ms affecting the timing of all major
peaks. By normalising to the length of systole or diastole (Petersen et al., 2006),
the reproducibility of TTP measurements is greatly improved (bottom graphs
in Figure 4.26). Expressing TTP values relative to systolic or diastolic length is
therefore clearly preferable to absolute measurements from the R wave.
4.3.4 RV
Measurements in the RV are difficult to achieve because of the high resolution
that is necessary and because of the asymmetrical shape of the RV free wall.
The technique has sufficient resolution to analyse right ventricular velocities as
is shown by the good reproducibility of the peak and TTP measurements made.
The differences which can be seen between the two ventricles are of interest,
particularly in atrial systole where RV velocities are significantly higher than in
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the LV (-4.61 ± 2.10 cm/s vs -2.62 ± 0.99 cm/s in the base, p<0.01). This could
be because the thin right ventricle provides less resistance to the additional
blood which is pumped into the ventricles during atrial systole than the left
ventricle.
4.3.5 Limitations
While the biofeedback mechanism was well tolerated by the healthy volunteers,
and even increased the efficiency of the technique when compared to standard
navigator gating, initial experience with patients has shown that significant
time is needed to explain the navigator trace and how to guide breathing ap-
propriately. It is therefore not ideal for use in a clinical workflow.
Image reconstruction on the Siemens ICE system is slow and the high tempo-
ral resolution of the images means that reconstructing all of the images online
greatly increases the time taken to acquire all of the images (reconstructing all
60 phases takes approximately 8 minutes despite the acquisitions being per-
formed with a limited number of coil elements). For this reason the recon-
struction was stopped after the first few images had been reconstructed and
continued once the volunteer had left the scanner. This too would be difficult
in a clinical workflow although the reconstruction can be performed on a stan-
dalone computer so access to the scanner is not a necessity.
The collection of phantom data for background phase error correction would
also be difficult to achieve in a clinical environment. Previous studies have
modelled the background offset based on stationary tissue within the image.
While this is likely to achieve a less accurate correction, it makes the technique
much more convenient and does not extend analysis time significantly. How-
ever this relies on the availability of enough stationary tissue in the image plane
to accurately model the offset which may not always be possible.
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The time consuming manual delineation of the myocardium is a limitation of
this technique but automatic or semi-automatic segmentation algorithms could
improve this in the future. So far only global longitudinal velocities have been
analysed in the right ventricle. A full investigation into the regional analysis of
the three direction velocity vector in the right ventricle is beyond the scope of
this project but will be considered for future work.
4.3.6 Conclusion
We have presented an efficient method of collecting high resolution phase ve-
locity mapping data and have comprehensively assessed its reproducibility in
healthy volunteers. Coverage of the entire cardiac cycle has allowed the full
analysis of atrial systole (a consistent feature of motion in both longitudinal
and radial directions). The limitations caused by the use of navigator gating
with guided breathing and by the long processing times can be addressed by
using the breath-hold version of the sequence. Results from the breath-hold se-
quence in the same healthy volunteers as presented in this Chapter are shown
in the next Chapter.
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Chapter 5
Breath-hold acquisitions
This Chapter aims to show that the breath-hold version of the sequence as de-
scribed in Chapter 3 overcomes some of the limitations of the navigator tech-
nique described in the previous Chapter. In particular the need for the compli-
cated biofeedback technique is removed and the scan time is greatly reduced,
making this version of the sequence much easier to use clinically.
Breath-hold sequences generally have lower resolution than navigator gated se-
quences as they have to be completed within an acceptable breath-hold time.
This is normally 20-30 seconds for healthy volunteers (Scott et al., 2009) but
can be much lower in patients. Previous Cartesian breath-hold PVM sequences
have been used to measure regional myocardial velocities in healthy volunteers
but with low temporal resolution (eg 2.7x1.3mm and 37-87ms using view shar-
ing acquired in a 17-29 heartbeat breath-hold (Petersen et al., 2006)). They have
also used prospective cardiac gating, restricting analysis to 90% of the cardiac
cycle.
Several acceleration schemes such as optimised GRAPPA (Peng et al., 2010) and
k-t BLAST (Lutz et al., 2011) have been applied to Cartesian PVM to speed up
acquisitions, however the resulting accelerated scan times were still too long
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for a breath-hold acquisition. Parallel imaging acceleration techniques such
as SENSE (Pruessmann et al., 1999) or GRAPPA (Griswold et al., 2002), while
originally designed to speed up Cartesian imaging, have been extended to allow
use in combination with other, more efficient k-space trajectories such as spirals
(Heidemann et al., 2006; Pruessmann et al., 2001).
The implementation of a non-Cartesian SENSE algorithm on the Gadgetron
GPU system (see Chapter 3) has allowed the acquisition of data with accelera-
tion of 2 and 2.67 (referred to as R2 and R3). Although the acquired resolution
is lower than with the sequence used in the previous Chapter (referred to in this
Chapter as HighRes), regional analysis is still possible and the two sequences
give results which are in general not significantly different. Where differences
are seen they are small and are unlikely to be clinically important.
Parts of this Chapter have been adapted from a paper entitled ‘Spiral tissue
phase velocity mapping in a breath-hold with non-Cartesian SENSE’ which has
been accepted for publication in the journal Magnetic Resonance in Medicine.
Abstracts based on this work have also been submitted to international confer-
ences and workshops.
5.1 Methods
5.1.1 Sequence
The breath-hold sequence as described in Section 3.2 was used to scan the same
ten healthy volunteers (mean age 32 years, range 25-57) who had previously
been scanned with HighRes (see the previous Chapter) to allow full qualitative
and quantitative comparison of results. A summary of the sequence details can
be found in Table 5.1.
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Parameter Value
Acquired temporal resolution 24ms
Acquired spatial resolution 1.7 x 1.7mm
Number of reconstructed phases 50
Reconstructed pixel size 0.85 x 0.85mm (zero-filling)
Number of spirals 8
Spiral duration 14ms
Scan length 33 heartbeats (fully sampled)
SENSE factors 2 and 2.67
Breath-hold durations 17 and 13 heartbeats
Through-plane VENC 30cm/s
In-plane VENC 20cm/s
Black-blood frequency Every 3 phases
Flip angle 15o
Field of view 360mm
Table 5.1: Breath-hold sequence details
As described in Section 3.2.6, the dummy heartbeat at the beginning of the ac-
quisition is used to collect the coil sensitivity data by acquiring all eight spiral
interleaves consecutively. The image data is then collected as in Figure 3.1 but
with only a subset of the eight interleaves being acquired. In the case of R2,
interleaves 1, 3, 5 and 7 are acquired and for R3 interleaves 1, 4 and 7 are
acquired, leading to scan durations of 17 and 13 heartbeats for R2 and R3 re-
spectively. The undersampled data is passed to the Gadgetron along with the
fully sampled coil sensitivity data to be reconstructed using a non-Cartesian
SENSE algorithm.
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5.1.2 Protocol
All scans were performed on a clinical scanner (3T, MAGNETOMSkyra, Siemens
AGHealthcare Sector). The study was approved by an institutional review com-
mittee (East London REC 3). All subjects gave written informed consent. 6
elements of an anterior cardiac coil (carefully positioned to give full heart cov-
erage) were used for all acquisitions to limit image reconstruction times. The
scan protocol was:
• Localiser images (3 sagittal, 3 transverse and 3 coronal)
• Long axis cine (2 chamber view)
• Long axis cine (4 chamber view)
• Mid ventricular short axis cine (50% of ventricular length)
• Shimming and frequency adjustment
• PVM mid ventricular short axis slice R2
• PVM mid ventricular short axis slice R3
• Frequency adjustment
• PVM basal short axis slice (25% of ventricular length) R2
• PVM basal short axis slice (25% of ventricular length) R3
• Frequency adjustment
• PVM apical short axis slice (75% of ventricular length) R2
• PVM apical short axis slice (75% of ventricular length) R3
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In two volunteers a second scan was performed during which a full stack of
nine short-axis slices were also acquired with R3 to allow amore comprehensive
analysis of regional variations of motion through the left ventricle. Background
phase errors due to uncorrected eddy current effects or field inhomogeneities
were determined for each acquired dataset by scanning a large homogeneous
stationary phantom (31cmx22cmx20cm, gelatine with 5mM concentration of
Gadolinium to shorten the T1) using the same sequence parameters and the
same slice positions as in the volunteer study (see Section 3.2.4.1.4).
5.1.3 Analysis
The same MATLAB analysis used for the navigator data was used for the data
acquired with the breath-hold sequence (see Section 3.4). The data was anal-
ysed globally and regionally with the myocardium being split both circumfer-
entially and radially. As well as velocity-time curves, peak and TTP values were
measured. For visualisation, each slice was also split into 24 regions circumfer-
entially and velocities were colour coded to produce colour maps.
Statistical testing was performed using SPSS (SPSS 19, SPSS, Chicago, Ill). All
parameters were checked for normality using the Shapiro-Wilk test. The mean
± SD of global longitudinal, radial and circumferential parameters was deter-
mined throughout the cardiac cycle for each slice (basal, mid and apical). Re-
peated measures analysis of variance (with Greenhouse-Geisser correction in
the case of non-sphericity) and paired t-testing (with Bonferroni correction for
multiple testing) were used to compare parameters between slices. Differences
between endo, mid and epi-cardial velocities were similarly analysed. The val-
ues obtained with the accelerated sequences were also compared with those
obtained with HighRes.
The right ventricle was analysed, but only longitudinal velocities were consid-
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ered because of the asymmetrical nature of the RV. Results were compared with
the left ventricle and with HighRes results.
5.2 Results
s
Figure 5.1: Example magnitude images and longitudinal velocity maps from
the same volunteer for R2, R3 and the HighRes sequences.
All scans were performed successfully, with 3 slices acquired with both R2 and
R3 in all ten volunteers. Example images can be seen in Figure 5.1. Equivalent
images acquired with HighRes are included for comparison and show similar
image quality and features of motion. The suppression of blood and fat sig-
nals is good and the spirals are short enough to prevent major off-resonance
blurring. Mean RR duration for R2 acquisitions was 947 ± 13ms, for R3 was
953 ± 13ms. The average systolic and diastolic durations were 328 ± 24ms and
619 ± 120ms for R2 and 333 ± 23ms and 620 ± 122ms for R3.
Average global velocities over the cardiac cycle were not significantly different
from zero (R3 values, for example, were 0.03±0.57cm/s for longitudinal, −0.03±
0.29cm/s for radial and 0.04 ± 0.21 cm/s for circumferential velocities, P>0.05
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Figure 5.2: Velocity-time curves for R2 acquisitions in all volunteers, time nor-
malised to end-systole to reduce the effect of different heart rates.
in a single sample t-test) indicating that velocity offsets caused by phase errors
are effectively removed by the phantom subtraction.
5.2.1 LV
5.2.1.1 Global velocity curves
The main peaks through the cardiac cycle are labelled on the global velocity-
time curves for all ten volunteers in Figures 5.2 and 5.3 for R2 and R3 acqui-
sitions respectively. The curves are shown normalised to end systole and end
diastole to reduce the effect of heart rate variation on the timing of the peaks.
R2 and R3 curves are extremely similar in all cases and show the same patterns
as previously seen in Chapter 4. In the longitudinal and radial directions there
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Figure 5.3: Velocity-time curves for R3 acquisitions in all volunteers, time nor-
malised to end-systole to reduce the effect of different heart rates.
are three main peaks; the systolic peak (referred to as SL and SR for longitudinal
and radial directions respectively), the early diastolic peak (DL andDR) and the
atrial systolic peak (ASL and ASR). In the circumferential direction, there are
two systolic peaks (C1 and C2) and one main diastolic peak (C3). Qualitatively
there are no obvious differences which can be seen between R2 and R3. The
quantitative analysis of peak and TTP values measured by R2 and R3 can be
found in the next section.
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5.2.1.2 Global Peak and TTP values
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Figure 5.4: Mean ± SD peak and TTP velocity values for R2 (left) and R3 (right)
acquisitions.
The global peak and time to peak velocity measurements for R2 and R3 acqui-
sitions can be seen in Table 5.2 and are shown graphically in Figure 5.4. The
quantitative analysis allows a statistical comparison between the values mea-
sured by R2 and R3. Paired analysis of R2 and R3 data show no significant
differences for any of the peak or TTP values measured as shown in columns
four and seven of the Table.
The pattern of velocities is the same as was found for the navigator acquisitions
as described in the previous Chapter. Longitudinal velocities are significantly
higher at base than mid levels and are higher at mid than apical levels (for
example DL values are −10.11 ± 2.27cm/s at base, −7.46 ± 1.55cm/s at mid and
−4.50±1.27cm/s at apex, p<0.01 for both, with significant differences between
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R2 R3 R2vsR3 TTP R2 TTP R3 R2vsR3
BASE
SL (cm/s) 8.00±1.91 7.63±1.25 NS 58.4±14.1 52.4±14.6 NS
DL(cm/s) -9.97±2.49 -10.11±2.27 NS 470.9±23.7 470.7±29.3 NS
ASL(cm/s) -3.86±0.99 -4.10±1.08 NS 851.4±33.9 847.3±41.5 NS
E/AL 2.76±0.98 2.65±0.97 NS
SR(cm/s) 2.54±0.32 2.34±0.24 NS 114.8±19.6 121.9±26.4 NS
DR(cm/s) -4.01±1.44 -4.69±0.84 NS 472.0±49.4 452.7±28.4 NS
ASR(cm/s) -1.41±0.68 -1.64±0.46 NS 854.9±50.7 839.2±34.5 NS
E/AR 3.32±1.28 3.06±0.92 NS
C1(cm/s) -3.57±1.46 -3.50±1.46 NS 40.9±19.7 35.8±20.1 NS
C2(cm/s) 2.74±1.13 2.48±1.10 NS 149.7±20.3 146.8±20.4 NS
C3(cm/s) -0.93±1.20 -0.73±1.43 NS 436.0±55.5 435.3±60.0 NS
MID
SL (cm/s) 6.79±1.35 6.53±1.61 NS 54.8±8.9 51.1±10.6 NS
DL(cm/s) -7.24±1.66 -7.46±1.55 NS 475.5±27.7 473.9±36.8 NS
ASL(cm/s) -3.05±1.08 -2.83±1.30 NS 853.4±30.0 860.4±36.8 NS
E/AL 2.79±1.62 2.45±0.86 NS
SR(cm/s) 2.62±0.31 2.48±0.70 NS 116.2±8.9 122.0±30.3 NS
DR(cm/s) -4.55±0.72 -4.52±0.84 NS 481.8±31.2 473.7±33.0 NS
ASR(cm/s) -1.94±0.66 -1.91±0.84 NS 852.6±33.2 862.4±38.7 NS
E/AR 2.59±0.88 2.85±1.36 NS
C1(cm/s) -4.14±1.48 -4.07±1.27 NS 37.2±17.2 39.0±16.6 NS
C2(cm/s) 1.59±0.87 1.48±1.07 NS 144.8±23.3 143.5±25.2 NS
APEX
SL (cm/s) 5.31±1.06 5.34±1.06 NS 45.6±9.4 46.7±10.3 NS
DL(cm/s) -4.38±1.46 -4.50±1.27 NS 448.9±30.9 453.8±48.0 NS
ASL(cm/s) -1.63±0.78 -1.83±0.72 NS 853.9±44.5 835.9±58.3 NS
E/AL 2.77±1.74* 2.69±2.79 NS
SR(cm/s) 2.24±0.19 2.24±0.24 NS 114.2±20.3 96.6±20.5 NS
DR(cm/s) -4.58±0.88 -4.70±0.70 NS 496.5±41.4 488.2±45.7 NS
ASR(cm/s) -1.64±0.68 -1.45±1.27 NS 864.8±30.8 858.7±30.9 NS
E/AR 3.31±1.65 2.93±1.07 NS
C1(cm/s) -4.01±1.09 -4.09±1.10 NS 38.8±15.3 38.6±12.9 NS
C2(cm/s) 0.31±0.68 0.39±0.68 NS 145.5±25.2 140.8±17.0 NS
C3(cm/s) 2.12±0.42 2.09±0.56 NS 407.1±83.1 392.6±63.2 NS
Table 5.2: Peak and time to peak values for R2 and R3 acquisitions. Results of
the statistical comparison are shown in columns four and seven and show no
significant differences between R2 and R3 for any of the measured parameters.
The starred value indicates that an outlier has been left out of the calculation.
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all levels also being present for SL andASL, p<0.02 for all). As found previously,
radial velocities do not show significant differences between slices, however, SR
occurs earlier at apex than base (p=0.011) and DR occurs earlier at base than
apex (p=0.011). SR is less sharp than SL and occurs later in the cardiac cycle.
Circumferential velocities show many small peaks through the cardiac cycle,
the timings of which are variable between subjects. However all subjects show
the early systolic peaks C1 and C2 indicating a quick reversal of circumferential
direction as the ventricle contracts. Basal and apical slices rotate in opposite
directions during early diastole, shown by the opposite polarities of C3. As
with the HighRes acquisitions, C3 is not consistently seen in the mid slice.
Values of E/A (i.e. the ratio of diastolic and atrial systolic peaks) are also shown
in Table 5.2. In the apical slice one value of E/AL was a clear outlier (a value
of 35.2) and was left out of the calculation of mean and standard deviation.
This large value was due to a very small value of ASL (-0.18cm/s). As was
discussed in the previous chapter, the atrial systolic peak is perhaps not con-
sistently present in all healthy subjects, leading to problems when calculating
E/AL in the apical slice.
5.2.1.3 Regional velocities
Figure 5.5 shows velocities in 6 circumferential regions for all volunteers, demon-
strating some consistent regional variations, for example septal velocities are
consistently lower than lateral velocities. However the plots are difficult to in-
terpret and the averaging of large regions does not make use of the acquired
spatial resolution.
Magnitude images at five points in the cardiac cycle with overlaid, colour-coded
velocities for a single volunteer are shown in Figures 5.6 to 5.8. The time points
shown have been chosen to correspond to interesting phases of the cardiac
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Figure 5.5: Regional longitudinal (left), radial (middle) and circumferential
(right) velocity-time curves in the 6 mid slice regions for all volunteers
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Figure 5.6: Longitudinal colour overlays
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Figure 5.7: Radial colour overlays
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Figure 5.8: Circumferential colour overlays
cycle. The early systolic time point corresponds with the peak systolic lon-
gitudinal velocity (SL) and with the first circumferential peak (C1), while the
mid systolic time point corresponds to SR and C1. The early and late diastolic
time points correspond to DL/DR and ASL/ASR respectively. End systole is also
shown. While these show regional variation, it is difficult in a single figure to
represent the entire cardiac cycle and the three directional motion of the my-
ocardium. The colourplots which follow allow this regional information to be
shown in an easily interpretable way.
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5.2.1.4 Colour plots
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Figure 5.9: Longitudinal (left), radial (middle) and circumferential (right)
colourplots averaged over all volunteers. The position of the main peaks are
labelled beneath the apical plots.
Figure 5.9 shows colour plots as described in Section 4.10 averaged over all ten
volunteers. The plots are formed by splitting the myocardium circumferen-
tially into 24 regions, which are plotted on the y-axis against time on the x-axis.
Velocities are then colour coded to allow quick interpretation of regional varia-
tions of motion throughout the cardiac cycle.
The plots show the same complicated regional patterns of motion as were seen
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with the navigator acquisitions, for example the biphasic septal radial motion in
the basal slice and the complicated patterns of circumferential motion in early
diastole.
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Figure 5.10: Longitudinal colourplots for three volunteers. Vertical lines rep-
resent the positions of end systole and the beginning and end of diastasis as
measured from velocity-time curves.
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Figure 5.11: Radial colourplots for the same three volunteers.
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Figure 5.12: Circumferential colourplots for the same three volunteers.
Figures 5.10, 5.11 and 5.12 show individual colour plots for three of the vol-
unteers in the longitudinal, radial and circumferential directions respectively.
While the same overall patterns are seen for each of the volunteers, inter-volunteer
variations in timing are obvious and subtle differences in the patterns can be
seen. For example the positive longitudinal peak shortly after DL is much less
prominent in Volunteer 2 than in Volunteers 1 and 3, and SL is more localised.
Comparing these plots for individuals could allow detailed analysis of regional
motion abnormalities.
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5.2.1.5 Transmural velocities
Peak velocity(cm/s) Endocardium Mid Epicardium P(Endo-Mid) P(Mid-Epi)
Base
SL 7.60±1.21 7.79±1.28 7.51±1.31 NS NS
DL -10.33±2.40 -10.18±2.32 -9.86±2.16 NS NS
ASL -4.13±1.08 -4.17±1.18 -4.01±1.02 NS NS
SR 2.89±0.32 2.36±0.25 1.92±0.22 <0.005 <0.005
DR -5.58±0.94 -4.71±0.88 -3.95±0.75 <0.005 <0.005
ASR -1.81±0.51 -1.65±0.48 -1.54±0.39 <0.005 NS
C1 3.22±1.38 3.59±1.45 3.67±1.53 <0.005 NS
C2 -2.49±1.14 -2.51±1.10 -2.46±1.09 NS NS
C3 1.23±1.07 1.19±1.09 1.13±1.25 NS NS
Mid
SL 6.40±1.56 6.66±1.67 6.52±1.61 0.02 NS
DL -7.32±1.60 -7.56±1.56 -7.50±1.57 NS NS
ASL -2.76±1.21 -2.88±1.38 -2.86±1.32 NS NS
SR 3.03±0.32 2.50±0.23 2.06±0.18 <0.005 <0.005
DR -5.28±0.77 -4.59±0.70 -3.89±0.65 <0.005 <0.005
ASR -2.11±0.94 -1.93±0.85 -1.73±0.76 0.02 0.01
C1 3.86±1.11 4.16±1.30 4.16±1.39 0.02 NS
C2 -1.24±1.08 -1.47±1.07 -1.71±1.07 <0.005 <0.005
Apex
SL 5.13±1.04 5.43±1.13 5.44±1.06 <0.005 NS
DL -4.50±1.31 -4.65±1.32 -4.47±1.12 NS NS
ASL -1.51±1.02 -1.79±1.05 -1.79±0.95 <0.005 NS
SR 2.67±0.32 2.26±0.25 1.92±0.20 <0.005 <0.005
DR -5.41±0.80 -4.74±0.70 -4.10±0.65 <0.005 <0.005
ASR -1.93±0.71 -1.84±0.60 -1.65±0.54 NS <0.005
C1 3.88±1.00 4.15±1.08 4.23±1.20 <0.005 NS
C2 -0.17±0.68 -0.37±0.73 -0.57±0.66 <0.005 0.01
C3 -2.17±0.51 -2.27±0.54 -2.24±0.53 NS NS
Table 5.3: Transmural peak velocities in all three slices. Any significant differ-
ences between layers are also shown in the final two columns.
Table 5.3 shows the peak velocities calculated when the three transmural layers
are treated separately. The last two columns show the statistical significance
of any differences between the layers. The radial velocities show a consistent
gradient across the myocardium with higher velocities at endocardium than
epicardium. Longitudinal and circumferential velocities do not show such a
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consistent gradient although occasional small statistical differences are seen.
5.2.1.6 Phantom offsets
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Figure 5.13: Background offsets over the cardiac cycle in basal (top), mid (mid-
dle) and apical (bottom) slices for all volunteers. Z (left), X (middle) and Y
(right) directions are shown as measured, before conversion to longitudinal, ra-
dial and circumferential directions.
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The average phantom velocities in the segmented area over time are shown in
Figure 5.13 to show the necessity of the background correction. In all directions
the offset is fairly stable over time (the bump at the beginning of the cardiac
cycle seen in the navigator acquisitions shown in Section 4.2.1.6 is not seen) and
the offset is between -1cm/s and 2cm/s. Regular oscillation is seen, perhaps due
to the presence of the black blood pulses on every third phase.
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Figure 5.14: Regional background offsets in the Z direction for all ten volun-
teers (1-10) and in all three slices. The location and extent of the segmented
left ventricle is overlaid as a black outline.
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Figure 5.15: Regional background offsets in X (left) and Y (right) for all ten
volunteers (1-10) and in all slices. The location and extent of the segmented
left ventricle is overlaid as a black outline.
The regional background offsets for the first frames of the acquisitions are
shown in Figures 5.14 and 5.15, with the position of the myocardium shown
as a black ring. As with the navigator gated sequence, a non-linear offset is seen
in all volunteers, all slices and all directions. Across the phantom the offsets
are in the range of ±5cm/s, but in the region of the myocardium the offset is
generally stable and closer to a range of ±1cm/s. However, in some cases (for
example the Y offset in the mid slice of Volunteer 2) a larger and variable off-
set is seen across the myocardium, demonstrating the necessity of some sort of
correction for background offsets.
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5.2.1.7 Stack of slices
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Figure 5.16: Longitudinal (left), radial (middle) and circumferential (right) ve-
locities from a stack of nine slices acquired in two volunteers (one volunteer
per row of graphs). While longitudinal and radial patterns are very similar, C3
shows a different pattern between slices for the two examples.
The global velocity curves for the stack of nine slices acquired in two volun-
teers can be seen in Figure 5.16. The entire acquisition (including reconstruc-
tion time) takes less than thirty minutes. In the longitudinal curves, SL and
DL both decrease in magnitude steadily from base to apex in both volunteers.
This gradient is not seen consistently in the radial peaks, however the timing
of DR changes when moving from base to apex (as seen earlier in the global
TTP values averaged over all volunteers). In the circumferential direction, C1
is always negative and approximately the same magnitude at all levels. C2 is
positive at base but gradually decreases towards the apex. In the first volunteer
C3 does the opposite, starting negative at base and ending up positive (but with
a similar magnitude) at apex. In the second volunteer this change from positive
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to negative in C3 is not seen. The reason for this difference is not yet clear but
could be investigated by acquiring this many slices in more volunteers.
5.2.2 Comparison with HighRes
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Figure 5.17: Mean ± SD values for R2, R3 and HighRes acquisitions in the basal
(left), mid (middle) and apical (right) slices. Very little difference is seen be-
tween sequence versions.
Table 5.4 shows the results of the statistical analysis comparing the R2/R3 peak
and TTP velocities with the HighRes measurements while Figure 5.17 shows
graphically the mean ± SD values for the three acquisitions. In almost all cases
there is no difference between the methods. However there are some small but
significant differences in measurements of ASL and C1. The possible reasons for
this are discussed later.
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Peak R2vsHighRes R3vsHighRes TTP R2vsHighRes TTP R3vsHighRes
BASE
SL (cm/s) NS NS NS NS
DL(cm/s) NS NS NS NS
ASL(cm/s) 0.05 0.02 0.02 0.02
SR(cm/s) NS NS NS NS
DR(cm/s) NS NS NS NS
ASR(cm/s) NS NS NS NS
C1(cm/s) 0.03 0.03 NS NS
C2(cm/s) NS NS NS NS
C3(cm/s) NS NS NS NS
MID
SL (cm/s) NS NS NS NS
DL(cm/s) NS NS NS NS
ASL(cm/s) 0.02 NS NS NS
SR(cm/s) NS NS NS NS
DR(cm/s) NS NS NS NS
ASR(cm/s) NS NS NS NS
C1(cm/s) 0.00 0.01 0.02 NS
C2(cm/s) NS NS NS NS
APEX
SL (cm/s) NS NS NS NS
DL(cm/s) NS NS NS NS
ASL(cm/s) 0.00 0.01 NS NS
SR(cm/s) NS NS NS NS
DR(cm/s) NS NS NS NS
ASR(cm/s) NS NS NS 0.01
C1(cm/s) 0.03 0.03 NS NS
C2(cm/s) NS NS NS NS
C3(cm/s) NS NS NS NS
Table 5.4: Statistical comparison of measurements made with the different se-
quences. Very few statistical differences are seen (P<0.05 is considered signifi-
cant).
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Figures 5.18, 5.19 and 5.20 show Bland Altman plots comparing the HighRes
and R3 sequences for peak velocity measurements in the basal, mid and apical
slices for all ten volunteers. HighRes measurements are treated as the ‘gold
standard’ measurement and plotted along x, against the difference between
measurements made with the two techniques on the y-axis.
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Figure 5.18: Bland Altman plots showing the HighRes measurements of peak
velocities in the basal slice (x-axis) against the difference between HighRes and
R3 (y-axis).
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Figure 5.19: Bland Altman plots showing the HighRes measurements of peak
velocities in the mid slice (x-axis) against the difference between HighRes and
R3 (y-axis). A plot for C3 is not shown as this peak is not consistently seen in
the mid slice.
Chapter 5. Breath-hold acquisitions 249
-6
-4
-2
 0
 2
 4
 6
 3  4  5  6  7  8  9
D
iff
er
en
ce
 (c
m/
s)
HighRes SL (cm/s)
-6
-4
-2
 0
 2
 4
 6
-7 -6 -5 -4 -3 -2
HighRes DL (cm/s)
-6
-4
-2
 0
 2
 4
 6
-1.4 -1.2 -1 -0.8 -0.6 -0.4 -0.2  0
HighRes ASL (cm/s)
-6
-4
-2
 0
 2
 4
 6
 1.6  1.8  2  2.2  2.4  2.6  2.8  3
D
iff
er
en
ce
 (c
m/
s)
HighRes SR (cm/s)
-6
-4
-2
 0
 2
 4
 6
-6.5 -6 -5.5 -5 -4.5 -4 -3.5 -3 -2.5
HighRes DR (cm/s)
-6
-4
-2
 0
 2
 4
 6
-2.5 -2 -1.5 -1 -0.5
HighRes ASR (cm/s)
-6
-4
-2
 0
 2
 4
 6
-5.5 -5 -4.5 -4 -3.5 -3 -2.5 -2 -1.5 -1
D
iff
er
en
ce
 (c
m/
s)
HighRes C1 (cm/s)
-6
-4
-2
 0
 2
 4
 6
-1 -0.5  0  0.5  1  1.5
HighRes C2 (cm/s)
-6
-4
-2
 0
 2
 4
 6
 1  1.5  2  2.5  3  3.5
HighRes C3 (cm/s)
Figure 5.20: Bland Altman plots showing the HighRes measurements of peak
velocities in the apical slice (x-axis) against the difference between HighRes and
R3 (y-axis).
The limits of agreement are generally small and in all cases straddle zero. In the
parameters for which a statistical difference was found between the techniques
(ASL and C1, see Table 5.4), R3 generally measures higher magnitude values
than HighRes. For the diastolic parameters (DL and DR) a small trend towards
higher values measured with R3 is seen, although this is not significant. The
possible reasons for these trends are discussed later.
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Figure 5.21: Bland Altman plots showing the HighRes measurements of TTP
velocities in the basal slice (x-axis) against the difference between HighRes and
R3 (y-axis).
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Figure 5.22: Bland Altman plots showing the HighRes measurements of TTP
velocities in the mid slice (x-axis) against the difference between HighRes and
R3 (y-axis).
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Figure 5.23: Bland Altman plots showing the HighRes measurements of TTP
velocities in the apical slice (x-axis) against the difference between HighRes and
R3 (y-axis).
Figures 5.21 to 5.23 show the Bland Altman plots for normalised TTP mea-
surements for HighRes and R3 (again HighRes is treated as the gold standard).
While most parameters show small limits of agreement, the limits for C3 are
larger than expected. This could be because in some subjects there are several
peaks which could be interpreted as C3. It is possible that C3 is not consistently
identifiable in different subjects.
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5.2.3 RV
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Figure 5.24: Longitudinal RV velocity-time curves in the basal (left), mid (mid-
dle) and apical (right) slices for all volunteers
Peak TTP (ms) TTP (norm ms) Peak Normalised TTP
R3vsHighRes R3vsHighRes
BASE
SL (cm/s) 7.80±1.05 130.7±53.4 139.2±54.3 NS NS
DL(cm/s) -7.62±2.29 465.0±40.0 495.6±27.4 NS NS
ASL(cm/s) -7.09±1.86 838.0±134.0 875.5±32.2 <0.005 0.02
E/A 1.18±0.56 - -
MID
SL (cm/s) 5.22±1.20 137.0±60.0 143.3±58.9 NS NS
DL(cm/s) -6.52±1.21 468.7±48.7 495.5±35.5 NS NS
ASL(cm/s) -4.55±1.65 844.2±143.3 844.2±143.3 0.03 NS
E/A 1.61±0.59 - -
APEX
SL (cm/s) 3.27±0.65 213.3±139.0 218.8±140.9 NS NS
DL(cm/s) -3.23±0.87 490.9±32.0 514.2±36.3 NS NS
ASL(cm/s) -2.59±0.97 858.6±137.2 897.6±34.5 NS NS
E/A 1.35±0.43 - -
Table 5.5: Peak and TTP mean ± SD values in the RV
The peak and TTP longitudinal velocity values measured from the RV are shown
in Table 5.5 and the global longitudinal velocity time curves for all volunteers
are shown in Figure 5.24. As for the left ventricle, basal velocities in the RV are
higher than mid velocities which are higher than apical velocities (statistically
significant (p<0.001) for all except DL base-mid).
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The results of paired t-tests between the R3 and HighRes values from the pre-
vious Chapter are shown in the last two columns of the table. Significant dif-
ferences are seen for peak and TTP AS values measured with R3 and HighRes.
This is similar to what is seen in the left ventricle and the possible reasons are
discussed below.
-15
-10
-5
 0
 5
 10
 0  100  200  300  400  500  600  700  800  900  1000
Ve
lo
ci
ty
 (c
m/
s)
Normalised Time (ms)
Base LV
Mid LV
Apex LV
Base RV
Mid RV
Apex RV
Figure 5.25: Average Peak and TTP values for LV and RV
The average ± SD values for the right and left ventricles are shown together in
Figure 5.25 for comparison. SL is later in the RV than in the LV (p<0.01 for all
levels). ASL values are higher (ie more negative) in the RV than in the LV at all
levels although only statistically significant for the base and mid slices.
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5.3 Discussion
5.3.1 Data acquisition
By using efficient spiral trajectories and a non-Cartesian SENSE reconstruction,
PVM data has been acquired within a clinically acceptable breath-hold dura-
tion (13 cardiac cycles) and with higher spatial and temporal resolution than
has previously been possible. Despite using 14ms spirals at high field strength
(3T) image quality in all acquisitions was high. As shown in Figure 5.1, image
quality for R2 and R3 is extremely similar to HighRes which uses shorter spiral
durations of 12ms. However it is possible that some off-resonance blurring re-
mains in the images which could allow equivalent image quality to be obtained
with shorter spirals, further increasing the temporal resolution. This will be
investigated for future work.
The use of retrospective cardiac gating has allowed the analysis of the entire
cardiac cycle, including atrial systole. The loss of SNR which is expected at
increasing levels of acceleration can be seen in Figure 5.1, however the non-
Cartesian SENSE reconstruction is not affecting quantitative measurements, as
shown by comparisons between measurements made with R2 and R3. Compar-
ing the results with HighRes results (with known inter-study reproducibility)
shows that the resolution is still high enough to make accurate measurements
of global and regional peak and TTP velocities.
Spatial and temporal resolution (1.7x1.7mm and 24ms) are better than previ-
ously reported Cartesian breath-hold sequences (for example 2.7x1.3mm and
37-87ms resolution acquired in 17-29 heartbeats (Petersen et al., 2006)) allow-
ing the detection of fine features of motion which previously were not seen in
images acquired within a breath-hold. Coverage of the entire cardiac cycle has
recently also been achieved with a self navigated PVM sequence using golden
5.3 Discussion 256
angle spirals, which allows the reconstruction of real time images from data
acquired during free breathing (Steeden et al., 2013). However, despite the ad-
vantages gained by using real time imaging, the acquisition and reconstruction
times are currently long (about 8.7 minutes and 1 hour per slice respectively)
compared with R3 which is acquired in 13 seconds and reconstructed online at
the time of imaging within one minute and twenty seconds.
5.3.2 Data analysis
5.3.2.1 Breath-hold acquisitions
R2 and R3 show no statistically significant differences in measured peak or TTP
values, indicating that the level of acceleration is not affecting the accuracy of
velocity measurements. Previous studies using Cartesian imaging and accel-
eration schemes that exploit temporal correlations (eg Lutz et al. (2011)) have
found that accelerating PVM acquisitions by more than a factor of two has an
effect on measured peak velocities due to temporal smoothing. This effect is not
seen in R3 since temporal correlations are not exploited.
Peak and TTP velocity values from the R3 sequence show the same patterns
as have previously been shown with PVM sequences; a significant decrease in
peak longitudinal velocities is seen from base to apex, but peak radial velocities
do not show this pattern, while a transmural gradient is seen in radial but not
longitudinal velocities. Normalising the TTP values to take inter-subject heart
rate variations into account allows easier comparison between subjects. The
colour plots provide a way to quickly interpret the motion patterns of the my-
ocardium and the application to patient data would potentially allow regional
wall motion abnormalities to be easily identified.
Spiral images require more complicated reconstruction than Cartesian trajecto-
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ries and this often does not allow images to be reconstructed online at the scan-
ner and seen at the time of scanning. However the use of the Gadgetron has
meant that reconstruction time is not a limiting factor. All 50 phases are recon-
structed in approximately one minute and twenty seconds on current hardware
(HP Z800 Workstation with 4GB Asus GeForce GTX 670 graphics card) which
does not delay the scan significantly. This has also allowed the acquisition of a
full stack of nine short axis slices in around thirty minutes, showing features of
regional variation that were previously only seen in full 3D acquisitions (Lutz
et al., 2012). The reconstruction time could be further improved by the addition
of further GPUs.
5.3.2.2 Comparison with navigator gated sequence
Small but statistically significant differences between R2/R3 and HighRes were
found for C1 and for ASL in all three slices. C1 occurs at the very beginning of
the cardiac cycle, which is where the crossed-pairs navigator is being acquired
in the HighRes sequence. The navigator sequence has been specifically adapted
to make it as short as possible (just 9ms plus 10ms feedback time), however this
interruption in the data acquisition may affect the accuracy of the retrospective
reconstruction interpolation at this time and could explain the small differences
seen.
The effect could be worsened by the fact that a different temporal resolution
was used for R2/R3 than was used for HighRes (acquired temporal resolution
was 24ms for R2/R3 and 21ms for HighRes, 50 phases were reconstructed for
R2/R3 and 60 for HighRes). The small but significant difference seen in ASL
measurements in the apex may be due to the fact that ASL is an inconsistent fea-
ture of motion between volunteers (this is also suggested by the high standard
deviation relative to the mean peak size, see Table 5.2) and is less reproducible
within volunteers as shown in the previous Chapter.
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The long scan time for HighRes also introduces a higher level of natural heart
rate variation during data acquisition (the mean ± SD of RR interval for all
accepted heartbeats was 947 ± 13ms for R2, 953 ± 13ms for R3 and 966 ± 57ms
for HighRes). This could explain the trend towards lower DL and DR velocities
measured with HighRes when compared with R3, and is investigated in more
detail in Chapter 6.
Differences could also be caused by slice positioning. While R2 and R3 scans
were performed within the same study (and are therefore well co-registered),
the HighRes acquisitions were performed on a different day and some differ-
ences in positioning would be expected. However, the fact that the majority
of the measured parameters show excellent agreement with different sequences
and on different days suggests that PVM has very good interstudy reproducibil-
ity.
5.3.2.3 RV
Despite the slightly lower resolution of the breath-hold sequence, velocity val-
ues measured with R3 in the thin RV wall were very similar to those measured
with HighRes, apart for ASL values in the basal and mid levels. ASL has been
found to be the least reliable parameter in the LV so these differences could be
due to natural variation rather than experimental issues.
5.3.3 Limitations
The image quality achieved with R2 and R3 is good and comparable with that
obtained with HighRes despite using longer spiral durations (14ms for R2 and
R3, 12ms for HighRes). However it is possible that some off-resonance blur-
ring remains in the images which could allow equivalent image quality to be
obtained with shorter spirals, increasing the temporal resolution. This will be
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investigated for future work.
A limitation of this study in terms of clinical applicability is that a separate
phantom acquisition is carried out to remove background phase errors. A cor-
rection based on static tissue has previously been used with PVM (Lutz et al.,
2011) and would remove this inconvenience (see Chapter 7), although the ac-
curacy of the correction could be lower than with a phantom subtraction (Gate-
house et al., 2010). The time consuming manual segmentation of the images is
also a limitation of the technique. Future work will investigate the implemen-
tation of semi-automatic segmentation algorithms to improve this.
5.3.4 Conclusion
The accelerated sequence that has been produced allows the acquisition of high
spatial and temporal resolution data with three directions of velocity encoding
in a single, clinically acceptable breath-hold, overcoming some of the issues
inherent in the navigator gated image discussed in the previous Chapter. This
has been achieved without compromising accuracy as shown by quantitative
measurements of peak and TTP velocities. The GPU reconstruction allows the
images to be seen on the scanner without extending scan time, and hence the
technique is now suitable for inclusion within a clinical workflow.
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Chapter 6
Simulating the effect of natural
heart rate variation
The velocity time curves measured in this project are acquired over multiple
heartbeats, and consequently represent some combination of all the cardiac cy-
cles during the acquisition. In an ideal situation each heartbeat would be ex-
actly the same and so the final curves would accurately represent the motion of
the heart. In reality this is not the case and changing heart rates could therefore
affect the final velocities measured.
The comparison of the navigator and breath-hold versions of the sequence in
Chapter 5 highlighted a trend towards higher DL and DR velocities measured
with the breath-hold sequences although these did not reach statistical signif-
icance. This Chapter aims to investigate the effects of heart rate variation on
the velocities measured during this thesis and whether these trends could be
caused by the increased levels of heart rate variation in the navigator acquisi-
tions during the long period (2-3 minutes) of acquisition (the mean ± SD of RR
interval for all accepted heartbeats was 947 ± 13ms for R2, 953 ± 13ms for R3
and 966 ± 57ms for HighRes). Any differences between prospective and retro-
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spective gating will also be investigated to determine whether any differences
between results measured in this thesis and previously published results with
prospectively gated acquisitions should be expected.
The effect of ‘missed triggers’ is first investigated. This is where a QRS com-
plex is not detected by the scanner software, leading to two heartbeats being
treated as one, and is an issue which does not effect prospectively gated se-
quences (apart from an extension of scan time). This effect is seen in clinical
practice, particularly in obese patients, and is more of an issue at high field
strengths due to the enhanced magneto-hydrodynamic effect.
The simulations in this Chapter assume k-space is covered by 13 spiral inter-
leaves as for the navigator version of the sequence.
6.1 Validation of simulation method
6.1.1 Introduction
For these simulations, it is assumed that each spiral interleaf contributes equally
to the final measured velocities. The effects of heart rate variation through the
acquisition can then simply be simulated by stretching and resampling the ve-
locity time curves from individual spiral interleaves before combining to form
a composite curve. This approach is much faster and easier than simulating the
entire MR acquisition and is validated in the following sections.
6.1.2 Validation
A simulated phantom was produced as shown in Figure 6.1, representing the
myocardium as a ring with constant magnitude and phase. The phantom is
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(a) Full FOV (b) Zoomed in central portion
Figure 6.1: The simulated phantom used for validation
small enough to fit within the FOV of a single spiral to avoid wrapping artefacts
that would occur when sampling a larger phantomwith a single spiral at a time.
To compare the velocity measured by each interleaf individually to the velocity
of the full reconstructed velocity map, the phantom was first sampled with all
the spirals making up the full image (the high resolution spiral trajectories from
Chapter 4 were used for this validation) and then separately for each interleaf
on its own. The relationship between the phase values of the reconstructed
phantom from each of the images formed from a single interleaf and the phase
value of the image formed from all spirals together was investigated.
Several sets of phantom phase values were produced to be sampled by the in-
dividual interleaves, both in a geometric series and randomly over an interval.
We hypothesised that the value measured in the fully sampled velocity map
would be equal to the mean of the values measured by the individual spiral
interleaves.
In each case, reference and velocity encoded images were produced (the refer-
ence images always had zero phase) and the phases of the final images were
measured as the complex argument of the velocity-encoded image minus that
Chapter 6. Simulating the effect of natural heart rate variation 263
of the reference image for each pixel.
6.1.3 Results
6.1.3.1 Geometrically increasing phantom phase values
For this simulation the phase of the myocardium sampled by the nth spiral was
equal to 0.05 ×pi × n. The images formed from each of the single spirals accu-
rately reproduced the simulated phantom as can be seen in Figure 6.2 (a) to (m).
In each case the phase of the reconstructed phantom is equal to the phase of the
phantom for that spiral as expected. The image formed from all spirals at once
can be seen in Figure 6.2 (n). The value of the phase in this image is 0.3 which
is equal to the mean of the individual phase values.
6.1.3.2 Random phantom phase values
For this simulation the phase of the myocardium sampled by the nth spiral was
generated randomly over an interval of 0 to pi, using the MATLAB command
pi ∗ rand([1 13]). The images formed from each of the single spirals accurately
reproduced the simulated phantom as can be seen in Figure 6.3 (a) to (m). In
each case the phase of the reconstructed phantom is equal to the phase of the
phantom for that spiral as expected. The image formed from all spirals at once
can be seen in Figure 6.3 (n). The value of the phase in this image is 0.94. This
is again equal to the mean of the individual phase values.
6.1.4 Discussion
In each case the phase of the full image is equal to the average of the individ-
ual phases measured by single spirals. Each spiral covers the whole of k-space
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(a) Spiral 1 (b) Spiral 2 (c) Spiral 3 (d) Spiral 4
(e) Spiral 5 (f) Spiral 6 (g) Spiral 7 (h) Spiral 8
(i) Spiral 9 (j) Spiral 10 (k) Spiral 11 (l) Spiral 12
(m) Spiral 13 (n) All spirals
Figure 6.2: Phase images from each spiral individually with a geometrically
increasing series of phases
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(a) Spiral 1 (b) Spiral 2 (c) Spiral 3 (d) Spiral 4
(e) Spiral 5 (f) Spiral 6 (g) Spiral 7 (h) Spiral 8
(i) Spiral 9 (j) Spiral 10 (k) Spiral 11 (l) Spiral 12
(m) Spiral 13 (n) All spirals
Figure 6.3: Phase images from each spiral individually with random phases for
each spiral
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and the paths are identical apart from a rotation of 2×pin where n is the number
of spirals covering k-space. A rotation in k-space can be shown to result in a
rotation in image space in the following way:
The discrete Fourier Transform Iˆ(k) of an image I(x) can be written as
Iˆ(k) =
N∑
x=0
I(x)exp−2piik
Tx /N (6.1)
where N is the number of samples. If k-space is now rotated so that k⇒ Rk, we
can write
Iˆ(Rk) =
N∑
x=0
I(x)exp−2pii(Rk)
Tx (6.2)
The rotation matrix is orthogonal so RT = R−1. Inserting this into Equation 6.2:
Iˆ(Rk) =
N∑
x=0
I(x)exp−2piik
T(R−1x) (6.3)
Writing x′ = R−1x, and using RR−1 = 1:
Iˆ(Rk) =
N∑
x′=0
I(Rx′)exp−2piik
Tx′ (6.4)
which is the discrete FT of a rotated image. So a rotation in k-space can be sim-
ulated by rotating image space. Since the simulated phantom is invariant under
rotations, each spiral can effectively be thought to be following exactly the same
path through k-space and hence the final phase is equal to the mean of all the
equally contributing phases. This is clearly a simplification of the experimental
situation as the myocardium is not generally invariant under rotation and there
Chapter 6. Simulating the effect of natural heart rate variation 267
is not a single phase value for the entire myocardium. However it should still
give insight into the effect of heart rate variation on global velocities measured
with the spiral sequences developed in this thesis.
All following simulations make use of this result by starting with velocity-time
curves which are stretched and sampled appropriately, instead of starting with
a simulated phantom and simulating the entire MR experiment.
6.2 Simulation Method
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Figure 6.4: The two input curves used for simulations. The peak curve (left)
has nine equally spaced peaks (1-9) while the real data curve (right) has three
peaks labelled S, D and AS.
An input curve is used to represent the true motion of the myocardium which is
then stretched and sampled in various ways to simulate the effect of heart rate
variation. Two types of input curve have been used for the simulations: a series
of sharp peaks throughout the cardiac cycle (referred to as the peaks curve) and
a curve representing real data (referred to as the real data curve). The two input
curves can be seen in Figure 6.4.
The peaks curve was designed to have nine sharp peaks through the cycle which
would be expected to quickly lose fidelity in the presence of heart rate variation.
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Themagnitude of the peaks is not held constant tomake differentiation of peaks
easier.
The real data curve is the average radial velocity curve measured in the ten
healthy volunteers scanned with the high resolution sequence (see Chapter 4).
Using this curve provides a more realistic idea of how heart rate variation will
affect the peak and TTP measurements that have been quoted in this thesis.
The effect of missed triggers and heart rate variation on both prospective and
retrospective gating has been simulated using both input curves. The methods
used for the two techniques can be seen schematically in Figure 6.5 and are ex-
plained below. The heartbeats were produced by random variations of a given
size around an average duration (1000ms unless stated otherwise). In all cases
where an experiment has been simulated with both prospective and retrospec-
tive gating, the same set of heartbeat durations have been used for both simula-
tions. Peak and TTP velocity values given in tables are the percentage difference
between the value measured for a given simulation and the value measured for
the control simulation (i.e. with 0 missed triggers or with 0% variation in heart
rate). This is done to isolate the effect of the parameter being investigated.
6.2.1 Prospective gating
Prospectively gated acquisitions collect data continuously for a period of time
known as the acquisition window, which is set to cover approximately 90 % of
the R-R duration. The different spirals acquired in different heartbeats are then
binned according to the time after the R-wave at which they were acquired.
If the heart rate changes between interleaves, interleaves acquired at the same
time after the R-wave will sample different parts of the cardiac cycle, but will
still be binned together. The process is shown schematically on the left hand
side of Figure 6.5.
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Figure 6.5: Schematic showing how the prospective (left) and retrospective
(right) simulations are carried out. For both types of simulation the input
curves are first stretched according to the duration of each heartbeat and then
the values at multiples of TR are measured. For prospective gating the pth val-
ues in each heartbeat are simply averaged to give the pth value in the final curve.
For retrospective gating each heartbeat is normalised to the same duration and
the values at sixty equally spaced points through the normalised heartbeats are
interpolated from the measured values. These interpolated values are then av-
eraged to produce the values for the final curve.
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6.2.2 Retrospective gating
Retrospectively gated acquisitions collect data continuously, along with ECG
information, and data is binned once the scan is complete. Each heartbeat is
then normalised to unit length. Linear interpolation is performed between the
collected data points (represented by the straight blue lines connecting red cir-
cles in Figure 6.5) and the interpolated values at intervals of 1n (where n is the
number of phases to be reconstructed) are calculated. In reality this interpo-
lation is done between raw data points, whereas in these simulations the inter-
polation is performed between velocity values. After interpolation, each heart-
beat has the same number of reconstructed points which can be binned together
and averaged to produce the simulated velocity value at n equally spaced time
points. The process is shown schematically on the right hand side of Figure 6.5.
For these simulations TR was 21ms and 60 phases were reconstructed in the
retrospective reconstruction to match the parameters in Chapter 4.
6.3 Missed triggers
6.3.1 Introduction
Occasionally when scanning a patient an ECG trigger will be missed and the
data from two heartbeats are treated by the reconstruction as a single heart-
beat. This will make no difference to a prospectively gated sequence (apart
from extending the scan time by one heartbeat) since the acquisition window
will have been set to be less than the expected duration of a single heartbeat -
by the time the trigger is missed, the sequence has already stopped collecting
data. However for retrospectively gated sequences, two heartbeats will be nor-
malised as one which will potentially cause the resulting velocity-time curves to
be inaccurate. In the following sections the number of missed triggers refers to
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1 missed 2 missed 3 missed
1 7.22 14.44 20.93
2 7.48 15.02 22.55
3 7.69 15.38 19.82
4 7.24 14.49 21.75
5 7.27 14.54 21.81
6 7.50 15.00 19.51
7 7.52 15.05 22.58
8 7.22 14.44 21.65
9 7.23 14.48 19.62
Table 6.1: The percentage difference of the peak velocities measured in the
peaks curve with 1,2 and 3 missed triggers from the peak velocities measured
with no missed triggers. The table shows values for 1000ms heart rate.
the number of occasions during a scan where, because of a missed ECG trigger,
two heartbeats are treated as one by the retrospective reconstruction.
6.3.2 Methods
To isolate the effect of missing ECG triggers, no random natural heart rate vari-
ation was simulated. Instead the effect of different numbers of missed triggers
(0, 1, 2, and 3) on different resting heart rates (600ms, 800ms, 1000ms and
1200ms) was investigated. Both input curves were used. Only retrospective
gating was simulated for the reasons outlined above.
6.3.3 Results
6.3.3.1 Peaks curve
Simulated velocity-time curves for the peaks curve can be seen in Figure 6.6,
whereas a table showing peak values measured for the various numbers of
missed triggers is shown in Table 6.1. Values are shown as the percentage dif-
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Figure 6.6: The effect of 0 to 3 missed triggers on the peaks curve for various
heart rates.
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Figure 6.7: (a) to (d) The effect of missed triggers on the peak velocities mea-
sured with the curve based on real data for various heart rates.
ference from the values measured from the simulation where no triggers are
missed. The effect is fairly constant through the cardiac cycle and gets worse as
the number of missed triggers increases.
6.3.3.2 Curve based on real data
Simulated velocity-time curves for the curve based on real data can be seen in
Figure 6.7, whereas the percentage differences as defined above are shown in
Table 6.2. Measured peak velocities are reduced by missed triggers and the
effect is worst for the main diastolic peak. The effect increases for all peaks as
the number of missed triggers increases. New peaks also start to appear as the
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1 missed 2 missed 3 missed
Peak S 2.74 5.23 6.69
Peak D 8.60 17.21 25.81
Peak AS 5.27 10.62 15.89
Table 6.2: Percentage differences for the three main peaks in the real data curve
when compared with the simulation with no missed triggers (values shown for
1000ms heart rate).
number of missed triggers increases. In particular a new peak between themain
diastolic and atrial systolic peaks appears due to the main diastolic peak of the
second heartbeat measured in those interleaves when a trigger was missed. For
3 missed triggers this peak is comparable to the actual atrial systolic peak and
could cause the wrong TTP to be measured.
6.3.4 Discussion
The effect of missed triggers is that peak velocities can be underestimated by
this technique. Two or more missed triggers for the same velocity encoding
direction during an acquisition can reduce the size of the main diastolic peak
by nearly 20%. While TTP values are not affected, the emergence of new peaks
could cause inaccurate identification of peaks and hence could cause the wrong
TTP to be measured. This is a particular problem for atrial systole.
An in vivo example of this effect can be seen in Figure 6.8. On the left two curves
are shown from two acquisitions using the HighRes sequence (see Chapter 4)
in the same patient. In one of the acquisitions two missed triggers occurred for
data that was accepted into the final images, whereas in the other acquisition
no missed triggers occurred. The reduction in peak diastolic and atrial systolic
velocities is similar to that in the simulated data for no missed triggers and for
two missed triggers. The systolic peak is also affected in a similar way (phases
10 to 20).
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Figure 6.8: Comparison of the effect of missed triggers between in vivo and
simulated data
6.4 Heart rate variation
A subject’s heart rate will never be entirely steady throughout an MR scan, par-
ticularly for high resolution scans which may last several minutes. Even small
changes in the duration of heart beats will change the timing of peaks and hence
could affect the peak and TTP velocities that are measured. In the scans from
Chapter 4, the level of heart rate variation (calculated for each acquisition as 2
times the standard deviation of RR duration divided by the average RR dura-
tion) was 15% on average where as for the breathhold acquisitions of Chapter 5
the level of variation was just 6% on average. This section will simulate this ef-
fect using several magnitudes of variation (0%, 5%, 10%, 15% and 20%) around
a base heart rate of 60bpm to cover the variation seen in both types of acquisi-
tion.
Four methods of stretching the cardiac cycle are also used. Firstly the entire cy-
cle is stretched linearly as if all stages of the cardiac cycle were affected equally
by changes in heart rate (this is effectively the assumption made by the retro-
spective gating algorithm). Secondly, systole is assumed to have a constant du-
ration while diastole stretches to account for any heart rate variation. Then sys-
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tole and diastole are each stretched separately and by different amounts based
on a formula for heart-rate-dependent systolic duration derived from simulta-
neous electrocardiogram, phonocardiogram and carotid arterial pulsation mea-
surements (Weissler et al., 1968). Finally the cycle is split into systole, early
diastole, late diastole and atrial systole and each section is stretched separately
according to ECG measurements on 25 healthy volunteers (Chung et al., 2004).
6.4.1 Linear
6.4.1.1 Methods
For these simulations it is assumed that the cardiac cycle is stretched linearly,
according to the RR duration for each heartbeat. While it is not a particularly
realistic assumption to make, it is a good first step to see the effect that changing
heart rates could have on measured velocities and TTPs.
6.4.1.2 Results
Results for the peaks curve and the real data curve can be seen in Figures 6.9
and 6.10 respectively with percentage differences of peak measurements from
the values with no heart rate variation shown in Tables 6.3 and 6.4. It is im-
mediately obvious that the retrospective reconstruction deals almost perfectly
with this kind of variation. TTPs are unaffected and only very small changes
in peak velocities are observed. In contrast, the accuracy of prospective gat-
ing decreases rapidly as the level of variation increases. The effect also tends
to worsen throughout the cardiac cycle, for example in the peaks curve at 5%
variation peak 1 is underestimated by 1.08% while peak 9 is underestimated
by nearly 54%. TTPs are accurate until the peak is reduced so much that it can
no longer be accurately identified, a particular problem for AS in the real data
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Figure 6.9: The effect of linear stretching of the cardiac cycle on the peaks curve
for prospective gating (left) and retrospective gating (right). Curves are shown
for 5 increasing levels of heart rate variation. Prospective gating performs worse
as the variation increases whereas retrospective gating is unaffected even by a
large amount of variation.
5% 10% 15% 20%
1 1.08 -0.75 -1.24 2.27
2 6.73 11.95 42.42 60.19
3 2.77 4.76 35.81 15.66
4 19.77 17.74 15.95 7.94
5 41.14 44.35 60.27 76.23
6 29.36 35.68 33.03 11.65
7 38.03 43.74 29.88 17.41
8 43.45 59.58 66.36 61.46
9 53.80 37.34 41.71 32.40
TTP
1 0.00 0.00 0.00 0.00
2 0.00 0.00 11.11 11.11
3 -7.14 0.00 -21.43 -14.29
4 -5.26 0.00 -15.79 -10.53
5 -4.00 0.00 -8.00 -4.00
6 -3.33 0.00 -3.33 3.33
7 -2.86 0.00 -2.86 0.00
8 -2.44 0.00 0.00 2.44
9 -2.17 -2.17 4.35 -2.17
(a) Prospective gating
5% 10% 15% 20%
1 -0.30 -0.70 -3.22 -5.22
2 11.15 9.89 8.90 11.83
3 -7.42 -3.75 -2.73 -3.21
4 -2.05 -2.04 0.12 0.57
5 -3.95 0.97 5.61 0.17
6 -1.39 -1.41 -1.64 -1.21
7 3.49 1.92 3.35 2.74
8 -4.57 -3.76 -3.76 -2.71
9 0.59 0.09 -1.04 0.12
TTP
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
(b) Retrospective gating
Table 6.3: Percentage underestimation of peak velocities measured in the peaks
curve in the presence of increasing levels of linear heart rate variation for
prospective (left) and retrospective (right) gating.
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Figure 6.10: The effect of linear stretching of the cardiac cycle on the real data
curve for prospective gating (left) and retrospective gating (right). Curves are
shown for 5 increasing levels of heart rate variation. As with the peaks curve,
the performance of prospective gating worsens through the cardiac cycle and
as the variation increases whereas retrospective gating is unaffected even by a
large amount of variation.
5 % 10 % 15 % 20 %
Peak S -0.21 0.21 0.56 1.33
Peak D 6.38 9.50 28.74 41.68
Peak AS 26.95 32.08 41.72 50.70
TTP S 0.00 16.67 16.67 0.00
TTP D -0.08 4.36 8.26 10.09
TTP AS 1.91 2.38 13.32 15.09
(a) Prospective gating
5 % 10 % 15 % 20 %
Peak S -0.26 -0.30 -0.56 -0.17
Peak D -0.30 0.25 0.79 0.23
Peak AS 0.28 0.49 0.28 0.28
TTP S 0.00 0.00 0.00 0.00
TTP D 0.00 0.00 0.00 0.00
TTP AS 0.00 0.00 0.00 0.00
(b) Retrospective gating
Table 6.4: Percentage underestimation of peak velocities measured in the real
data curve in the presence of increasing levels of linear heart rate variation.
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curve.
6.4.1.3 Discussion
The retrospective reconstruction deals almost perfectly with this type of vari-
ation. This is because the normalisation step in the reconstruction (see Fig-
ure 6.5) linearly stretches each curve to the same duration, perfectly compen-
sating for the variation. Any remaining differences between the curves are due
to interpolation and different initial sampling rates. It is also easy to under-
stand why prospective gating deals badly with this kind of variation - different
parts of the cardiac cycle overlap when there is variation and so the final curve
gets smeared out by the averaging. The effect worsens through the cardiac cycle
because the amount a phase of the cardiac cycle is affected by the variation is
linearly dependent on its time after the R-wave.
6.4.2 Constant systole
6.4.2.1 Methods
For this section, systole is assumed to have a constant duration of 350ms while
the length of diastole changes as the heart rate varies. While this is still not
physiologically accurate, the length of diastole is generally considered to be
more sensitive to heart rate changes than the length of systole.
6.4.2.2 Results
Results for the peaks curve and real data curve can be seen in Figures 6.11 and
6.12 respectively while percentage underestimations are shown in Tables 6.5
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Figure 6.11: The effect of keeping the duration of systole constant on the peaks
curve for prospective gating (left) and retrospective gating (right). Curves are
shown for 5 increasing levels of heart rate variation. Prospective gating per-
forms perfectly during systole but poorly towards the end of the cardiac cycle,
even at low levels of variation. Retrospective gating is most affected in the mid-
dle of the cardiac cycle.
5% 10% 15% 20%
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
4 0.28 -0.27 -0.60 0.19
5 8.19 72.49 46.06 52.99
6 15.67 17.07 22.75 43.51
7 30.48 34.18 18.51 30.00
8 38.25 55.60 65.26 60.56
9 50.98 37.02 52.18 33.94
TTP
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 0.00
3 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 0.00
5 0.00 0.00 4.00 -4.00
6 -3.33 0.00 -6.67 -3.33
7 -2.86 0.00 -2.86 0.00
8 -2.44 0.00 0.00 2.44
9 -2.17 -2.17 -2.17 0.00
(a) Prospective gating
5% 10% 15% 20%
1 0.35 -0.35 -0.88 0.50
2 14.50 67.56 41.03 54.22
3 3.26 7.68 36.85 50.64
4 12.00 16.36 52.49 19.98
5 17.63 24.38 56.18 43.88
6 4.60 7.01 29.18 27.17
7 6.37 6.70 24.41 38.73
8 -2.47 0.62 13.57 28.25
9 0.60 0.46 0.12 2.41
TTP
1 0.00 0.00 0.00 0.00
2 0.00 0.00 0.00 9.09
3 0.00 0.00 -11.11 11.11
4 0.00 0.00 -8.33 12.50
5 0.00 0.00 -6.45 6.45
6 0.00 0.00 -2.63 7.89
7 0.00 0.00 0.00 4.55
8 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00
(b) Retrospective gating
Table 6.5: The effect of linear stretching of diastole only (constant systole) on
the peak velocities measured from the peaks curve with prospective (left) and
retrospective (right) gating.
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Figure 6.12: The effect of linear stretching of diastole only (constant systole)
on the real data curve. Prospective gating performs well for S and D but less
well for AS. Retrospective gating performs almost perfectly for S and AS and
comparably to prospective gating for D.
5% 10% 15% 20%
Peak S 0.00 0.00 0.00 0.00
Peak D 1.13 3.39 7.19 17.86
Peak AS 23.96 29.81 41.44 49.79
TTP S 0.00 0.00 0.00 0.00
TTP D -3.65 -3.65 0.67 0.67
TTP AS 1.61 3.90 13.05 17.63
(a) Prospective gating
5% 10% 15% 20%
Peak S -0.04 0.04 0.56 1.63
Peak D 2.61 3.76 15.00 28.71
Peak AS 0.28 0.56 1.20 2.32
TTP S 0.00 0.00 4.00 -9.09
TTP D 0.00 0.00 -0.76 -2.19
TTP AS 0.00 0.00 0.28 -0.52
(b) Retrospective gating
Table 6.6: The effect of linear stretching of diastole only (constant systole) on
the peak velocities measured on the real data curve.
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and 6.6. Prospective gating now deals perfectly with systole (peaks 1-3 in the
peaks curve and S in the real data curve). However, diastole is affected by the
variation, with the effect getting worse towards the end of the cycle. For the
real data curve this means that D is quite well preserved (less than 20% un-
derestimation at 20% heart rate variation), while AS is badly affected (23% un-
derestimation even at 5% heart rate variation). In contrast retrospective gating
deals well with the beginning and end of the cycle (peaks 1 and 9 for the peaks
curve and S and AS for the real data curve), but the middle of the cardiac cycle
is affected - peak 5 is underestimated by 17.6% even at 5% variation. TTPs are
not affected much by this kind of variation.
6.4.2.3 Discussion
Prospective gating deals well with this type of variation in systole because, un-
like retrospective gating which assumes each heartbeat is stretched linearly,
prospective gating assumes each heartbeat is the same. However diastole is
affected in the same way as for linear stretching of the entire cycle, except the
effect is not as bad because it is now proportional to the time after the beginning
of diastole rather than the time since the R-wave. Retrospective gating deals
well with the beginning and end of the cycle because during normalisation of
the each heartbeat, the beginning and end of the cycle are fixed. However the
middle of the cycle is not fixed and so peaks 4-6 in the peaks curve and D in the
real data are progressively underestimated as heart rate variation increases.
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6.4.3 Changing systole and diastole
6.4.3.1 Methods
This section uses a method of stretching the cardiac cycle based on physio-
logical measurements of the length of systole in relation to heart rate (double
rate stretching). Various studies have investigated the relationship between sys-
tolic intervals and heart rate (Bombardini et al., 2011; Hassan and Turner, 1983;
Weissler et al., 1968; Wikstrand et al., 1978). The formula chosen for these sim-
ulations relates the time (in ms) between the two heart sounds (tsyst ) with the
heart rate measured in bpm (HR) (Weissler et al., 1968). This has been chosen
because it most closely resembles the systolic duration measured from tissue
phase velocity mapping curves (Jung et al., 2006a). The formula is:
tsyst(ms) = 456ms − 1.8×HR(bpm). (6.5)
6.4.3.2 Results
Results for the peaks curve and real data curve can be seen in Figures 6.13
and 6.14 respectively, while underestimation of peak velocities is shown in Ta-
bles 6.7 and 6.8. The results are similar to the constant systole case except
systole is no longer perfectly preserved by prospective gating. For the real data
curves, S is well preserved for prospective and retrospective gating even with
large heart rate variation. However retrospective gating performs better than
prospective gating for both D and AS.
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Figure 6.13: The effect of double scale stretching on the peaks curve. Curves
are shown for 5 increasing levels of heart rate variation. Prospective gating
performs well during systole but poorly towards the end of the cardiac cycle,
even at low levels of variation. Retrospective gating is most affected in the
middle of the cardiac cycle.
Peak 5% 10% 15% 20%
1 0.2 -0.2 -0.5 0
2 -2.6 5.3 1.4 10.9
3 0.1 2.6 10.8 16.9
4 1.9 15.0 46.0 4.9
5 27.1 31.95 58.0 54.3
6 31.5 34.2 25.5 59.3
7 35.7 42.0 30.9 11.2
8 41.3 57.7 61.7 61.2
9 26.6 35.6 37.7 18.5
TTP
1 0 0 0 0
2 0 0 11.1 11.1
3 0 0 0 0
4 0 0 0 -11.1
5 -4.3 0 8.7 -13.0
6 -3.4 0 13.8 0
7 -2.9 0 11.8 2.9
8 -2.5 0 15 2.5
9 -4.4 -2.2 6.7 -2.2
(a) Prospective gating
Peak 5% 10% 15% 20%
1 0.4 -0.9 -2.9 -2.4
2 7.6 5.2 9.1 31.9
3 1.7 4.9 24.0 44.5
4 2.0 4.6 28.4 33.0
5 14.8 21.9 43.23 56.6
6 -3.3 3.6 10.8 28.8
7 2.0 1.7 7.2 18.5
8 -4.9 -6.22 -1.2 8.0
9 0.7 0.3 -0.6 1.1
TTP
1 0 0 0 0
2 9.1 0 0 9.1
3 0 0 0 5.93
4 0 0 -4.3 13.0
5 0 0 -3.3 3.3
6 0 0 -2.7 0
7 2.3 0 0 0
8 0 0 0 0
9 0 0 0 0
(b) Retrospective gating
Table 6.7: The effect of double scale stretching on the peak velocities measured
with the peaks curve with prospective (left) and retrospective (right) gating.
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Figure 6.14: The effect of double scale stretching on the real data curve. Curves
are shown for 5 increasing levels of heart rate variation. Prospective gating
performs well for S but poorly for D and AS for the higher levels of variation.
Retrospective gating deals very well with all levels of variation but is most af-
fected in the middle of the cardiac cycle.
5% 10% 15% 20%
Peak S 0.08 -0.04 -0.04 0.25
Peak D 4.59 4.92 21.10 39.15
Peak AS 28.58 34.12 44.30 52.61
TTP S 0.00 0.00 0.00 0.00
TTP D -0.49 -0.49 4.07 8.64
TTP AS 1.85 6.52 15.87 18.21
(a) Prospective gating
5% 10% 15% 20%
Peak S 0.04 -0.17 -0.17 0.77
Peak D 1.73 2.69 8.31 15.54
Peak AS 0.49 0.63 0.56 1.13
TTP S -4.55 0.00 0.00 -9.52
TTP D -2.93 0.00 -3.71 -5.71
TTP AS -0.25 0.00 0.00 -0.49
(b) Retrospective gating
Table 6.8: The effect of double scale stretching on the peak velocities measured
with the real data curve with prospective (left) and retrospective (right) gating.
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Figure 6.15: Method of splitting cycle based on diastolic intervals
6.4.3.3 Discussion
With this method of stretching the cycle, similar results to the constant sys-
tole case are seen. This is because Equation 6.5 means that systole is stretched
less than diastole. Consequently the results are somewhere between the linear
stretching case and the constant systole case.
6.4.4 Splitting the cardiac cycle based on diastolic intervals
6.4.4.1 Methods
For this section a more complicated method of stretching the cardiac cycle has
been used. Instead of splitting the cardiac cycle into systole and diastole, the
cycle has been split into four sections: systole, the early diastolic peak, diastasis
Chapter 6. Simulating the effect of natural heart rate variation 287
and atrial systole. The sections can be seen in Figure 6.15. The durations of the
sections as a function of heart rate (HR) are based on the following diastolic in-
tervals (in ms) as calculated from ECG measurements on 25 healthy volunteers
(Chung et al., 2004):
Early diastolic peak(ms) = 313ms − 0.957×HR(bpm) (6.6)
Diastasis(ms) = 600ms − 6.82×HR(bpm) (6.7)
Atrial systole(ms) = 166ms − 0.454×HR(bpm) (6.8)
Systole(ms) = RR duration −Early diastolic peak−Diastasis−Atrial systole
(6.9)
This takes into account the fact that as heart rate increases, diastasis shortens in
length and eventually disappears altogether with the two diastolic peaks merg-
ing. Using Equation 6.7 this would happen at a heartrate of around 90bpm.
6.4.4.2 Results
Results for the peaks curve and real data can be seen in Figures 6.16 and 6.17
respectively while underestimations of peak velocities are shown in Tables 6.9
and 6.10. The results for prospectively gated acquisitions are again similar to
the constant systole case, with the accuracy decreasing through the cardiac cy-
cle and with increasing heart rate variation. However, very little decrease in
accuracy is seen for retrospective gating in the presence of this kind of heart
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Figure 6.16: The effect of stretching based on diastolic intervals on the peaks
curve. Curves are shown for 5 increasing levels of heart rate variation. Prospec-
tive gating performs well only for peak 1 while retrospective gating performs
well throughout the cycle.
Peak 0.05 0.10 0.15 0.20
1 -1.36 -0.63 -1.26 3.94
2 17.14 5.30 37.24 54.99
3 17.27 14.42 44.50 29.82
4 25.12 24.96 36.29 20.02
5 39.83 44.44 43.09 69.84
6 32.60 34.76 35.12 28.65
7 35.27 41.44 36.65 27.47
8 41.69 58.56 66.88 62.37
9 46.06 58.68 68.26 54.75
TTP
1 0.00 25.00 25.00 25.00
2 0.00 0.00 0.00 -22.22
3 0.00 0.00 6.67 -13.33
4 -5.00 0.00 10.00 -10.00
5 -3.85 0.00 11.54 3.85
6 -3.23 0.00 -3.23 0.00
7 -2.78 0.00 -5.56 2.78
8 -4.76 0.00 0.00 4.76
9 -4.26 0.00 0.00 -4.26
(a) Prospective gating
Peak 5% 10% 15% 20%
1 -0.30 -0.61 -2.87 -4.42
2 3.14 7.58 8.83 3.50
3 -2.70 -0.85 1.31 3.64
4 5.85 4.89 9.30 12.41
5 -7.29 -6.06 0.39 0.26
6 3.89 2.29 9.22 20.39
7 4.79 4.25 9.55 18.76
8 -7.23 -9.40 9.28 23.86
9 5.27 7.04 8.85 7.49
TTP
1 0.00 0.00 0.00 0.00
2 -9.09 -9.09 -9.09 -9.09
3 0.00 0.00 0.00 0.00
4 0.00 0.00 0.00 -4.00
5 0.00 0.00 0.00 -3.13
6 0.00 0.00 0.00 0.00
7 0.00 0.00 0.00 0.00
8 0.00 0.00 0.00 0.00
9 0.00 0.00 0.00 0.00
(b) Retrospective gating
Table 6.9: The effect of stretching based on diastolic intervals on the peak ve-
locities measured with the peaks curve for prospective (left) and retrospective
(right) gating.
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Figure 6.17: The effect of stretching based on diastolic intervals on the real
data curve. Curves are shown for 5 increasing levels of heart rate variation.
Both algorithms perform well for S and retrospective gating performs almost
perfectly throughout the cycle.
5% 10% 15% 20%
Peak S 0.08 0.42 1.27 2.63
Peak D 6.29 8.23 27.18 39.67
Peak AS 34.73 36.12 41.74 51.04
TTP S 0.00 0.00 0.00 0.00
TTP D -6.88 -2.60 1.67 5.95
TTP AS 1.53 6.01 14.96 19.43
(a) Prospective gating
5% 10% 15% 20%
Peak S 0.04 0.13 -0.21 -0.21
Peak D -0.67 -0.46 0.08 1.90
Peak AS -0.43 -0.21 1.92 2.92
TTP S 4.00 4.00 14.67 4.00
TTP D 2.92 2.92 2.92 -0.83
TTP AS 0.22 0.22 0.22 0.22
(b) Retrospective gating
Table 6.10: The effect of stretching based on diastolic intervals on the peak
velocities measured with the real data curve for prospective (left) and retro-
spective (right) gating.
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rate variation.
6.4.4.3 Discussion
This method aims to most closely simulate the real-life effect of heart rate vari-
ation on the timings of the various peaks through the cardiac cycle, although
there will clearly be some inter-subject variations. The results from this kind
of stretching are very similar to the linear stretching results, with retrospective
gating dealing very well with all levels of variation, while prospective gating
does not deal well even with low levels of variation.
6.4.5 Heart rate variation discussion
The effect of heart rate variation on the timing of peaks and hence on the mea-
sured peak velocity values is complicated. The four methods of stretching the
cardiac cycle here start simply and aim to get more physiologically accurate
through to the method which stretches the four sections of the cycle separately.
However even these simulations are greatly simplified when compared with
the real life situation. The exact timings with different heart rates will change
between volunteers and no attempt was made to change the amplitude of the
velocity peaks with different heart rates.
The simulations show that peak velocities in the middle of the cardiac cycle
(i.e. D on the real data curve) are most affected by heart rate variation when
using retrospective gating. Therefore this effect could explain the trend towards
higher DL and DR velocities measured with R2 and R3 in the previous Chapter
when compared with velocities measured with HighRes, due to the lower level
of heart rate variation during the short breath-hold scans (percentage variation
defined as twice the standard deviation of heart rate divided by average heart
rate during the scan was 15% for HighRes acquisitions but just 6% for R2 and
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R3 acquisitions).
In general, prospective cardiac gating leads to more serious underestimation of
peak velocities than retrospective cardiac gating in the presence of heart rate
variation. The retrospective gating algorithm effectively assumes that the car-
diac cycle is stretched linearly by heart rate variation which explains why the
algorithm performs perfectly with linear stretching of the cycle. Prospective
gating on the other hand assumes that each heart beat is of exactly the same du-
ration and hence does not perform well when heart rate variation is introduced.
The method of stretching the cycle according to diastolic intervals was intended
to be the most physiologically accurate and led to very good performance of the
retrospective algorithm (maximum peak underestimation in the real data curve
was less than 3%). The performance of prospective gating was poor at levels
of variation greater than around 10%. The navigator scans from Chapter 4 had
heart rate variation (defined as 2 times standard deviation of RR durations dur-
ing the acquisition divided by the average RR duration) of around 15% which
would lead to significant underestimation of DR in prospectively gated scans of
27%, indicating that retrospective cardiac gating should be used for long spiral
PVM acquisitions even if atrial systole is not being considered.
292
Chapter 7
Discussion
Myocardial phase velocity mapping is one of several emerging MRI techniques
which can be used to measure regional myocardial mechanics. However the
sequences used in the past have been slow due to the use of inefficient Cartesian
k-space trajectories, and have provided incomplete coverage of the cardiac cycle
due to the use of prospective cardiac gating. This has limited the technique both
in terms of research into healthymotion of the heart, and in terms of application
in clinical practice.
This thesis has described the development of phase velocity mapping sequences
which are capable of overcoming the current limitations of myocardial phase
velocity mapping. This is achieved by using spiral k-space coverage to increase
the imaging efficiency of the technique, and by using retrospective cardiac gat-
ing to cover the entire cardiac cycle.
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7.1 Summary of findings
The need for an improved technique for measuring regional myocardial me-
chanics was made clear by an extensive literature review (Chapters 1 and 2)
parts of which were published as a detailed review article in JMRI (Simpson
et al., 2013b). The advantages and disadvantages of the available techniques
which are capable of measuring regional myocardial mechanics were discussed,
and the theory behind the MRI techniques was explained. From this discussion,
tissue phase velocity mapping emerges as the only available MRI technique ca-
pable of measuring regional myocardial mechanics which does not suffer from
tag fading and can therefore cover the entire cardiac cycle. It can also be used
to measure three directions of velocity from a single slice, and is therefore the
obvious choice for a comprehensive technique to measure regional myocardial
mechanics. However, the use of prospective cardiac gating in previous se-
quences has limited the technique, as have long scan times due to inefficient
coverage of k-space.
It was hypothesised that the use of retrospective gating (to allow coverage of the
entire cardiac cycle) and spiral k-space coverage (to reduce scan time) would al-
low tissue phase velocity mapping to be routinely acquired in clinical practice.
The development of the new sequences is described in detail in Chapter 3. Two
final sequence versions were produced and have been used for healthy volun-
teer studies, establishing the technique as reproducible (this has not previously
been comprehensively shown) and helping establish normal ranges of motion.
Analysis tools were also developed for segmentation of the images and data
analysis and display. In particular colour plots have been used to present a
large amount of velocity information in an easily interpretable way.
The first sequence version that has been developed is navigator gated, taking 53
heartbeats (with 100% respiratory efficiency) to acquire data with 1.4x1.4mm
spatial resolution and 21ms temporal resolution. However with the modified
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acceptance algorithm necessary to suppress motion over the entire cycle, biofeed-
back is needed to keep scan times reasonable. While this is well tolerated by
healthy volunteers, it may well provide difficulties for scanning patients. Re-
sults from scans in ten healthy volunteers are presented in Chapter 4. The re-
producibility of the technique was found to be very good and measured quan-
titative parameters agree with results from previous studies by other groups.
Results from this study have been published in JCMR (Simpson et al., 2013a)
and presented at international MRI conferences.
The second is a version which uses a non-Cartesian SENSE reconstruction im-
plemented on the Gadgetron GPU system to reconstruct undersampled data
which can be acquired within a short breath-hold. This version acquires data
with 1.7x1.7mm spatial resolution and 24ms temporal resolution in just 13
heartbeats using a SENSE factor of 2.67. By acquiring data within a breath-
hold many of the limitations of the navigator sequence have been overcome,
and the results from scanning the same ten healthy volunteers as in Chapter 4
are presented in Chapter 5, where results from the two versions of the sequence
are compared. The two sequences achieve very similar results despite the large
difference in scan time. It was even found that the accelerated sequence shows
a tendency towards measuring higher peak velocities despite having slightly
lower resolution.
It was proposed that some of the differences between the navigator and breath-
hold sequence versions could be caused by heart rate variation over the scan
duration, which may affect the longer navigator sequence more than the breath-
hold sequence. The effect of heart rate variation on these scans was therefore
investigated via simulations in Chapter 6. It was found that with retrospective
cardiac gating, an increasing level of heart rate variation leads to underesti-
mation of peak velocity values, particularly for early diastolic velocities. The
simulations also found that retrospective cardiac gating deals much better in
general with natural heart rate variation than prospective gating.
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7.2 Limitations
The limitations of the two sequence versions can be found in the discussion
sections of Chapters 4 and 5 and are summarised here. Some of the limitations
of the navigator technique have been overcome by acquiring the data within a
breath-hold. Namely, the biofeedback mechanism (which is difficult to apply
in patients) is no longer necessary, the scan time is greatly reduced, and the
reconstruction time is no longer a limiting factor due to the use of GPU recon-
struction.
Both versions currently require an additional phantom scan to remove back-
ground phase errors. Background phase errors are inherent to phase velocity
mapping and the most accurate way to deal with them is to use a phantom
subtraction. However it is extremely inconvenient, particularly in clinical prac-
tice. A background offset modelling method to remove the errors has been used
previously with myocardial phase velocity mapping (Lutz et al., 2011) but its
accuracy when compared with a phantom subtraction has not yet been estab-
lished (see Section 7.3).
The segmentation of the images is required for extracting regional velocity in-
formation but is time consuming and is currently carried out using custom soft-
ware in MATLAB. This too makes the technique difficult to incorporate clini-
cally as MATLAB is not widely available to clinicians and the process is too time
consuming to be done regularly. This could be overcome by semi automatic seg-
mentation algorithms and incorporation of the analysis into software which is
already used by clinicians (see Section 7.3).
The use of long spiral durations means that off resonance artefacts could be
an issue in clinical practice. The images acquired in the healthy patient stud-
ies are of high quality and largely free from off resonance issues due to careful
shimming and frequency adjustment. However this is not routinely carried out
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Figure 7.1: Possible segmentation of stationary tissue from basal (left), mid
(middle) and apical (right) slices in a single volunteer.
in clinical practice and would require extra time and extra training. If higher
levels of acceleration were possible, shorter spirals could be used and the tech-
nique could be made more robust (see Section 7.3). An off resonance correction
could also be implemented to increase robustness (Ahunbay and Pipe, 2000;
Man et al., 1997; Nayak et al., 2001).
7.3 Future work
The future work for this project falls into two main categories; further improve-
ments to the technique and further studies to be carried out.
7.3.1 Improvements to the technique
7.3.1.1 Background offset modelling
Being able to accurately model the background phase offset based on static tis-
sue within the images would remove the need for additional time consuming
and inconvenient phantom scans. However before this can be done it must first
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Figure 7.2: Example results obtained by background modelling on the mid ven-
tricular short axis slice shown in Figure 7.1. The results of linear and quadratic
fits, and the difference between them and the phantom measurement are dis-
played for all three directions.
be properly validated. Figure 7.1 shows that there is a large area of static tissue
in a short axis slice that could be used to perform the modelling. This tissue
only has to be manually segmented once for each cine since the tissue is sta-
tionary and so the process will not greatly extend processing time.
Previous studies have used linear modelling to remove background phase er-
rors (Delfino et al., 2006; Lutz et al., 2011), as this is the standard method when
correcting for scans measuring blood flow in the great arteries. In the case of
great artery scans, not much stationary tissue is available for accurate polyno-
mial correction, which is why a linear fit is used. However from Section 4.2.1.6
it is clear that the background offset is not linear, and in the case of measuring
regional myocardial velocities, the difference between a linear and polynomial
fit could affect the measured regional variation.
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Figure 7.2 shows the results of fitting the background offset by segmenting sta-
tionary tissue in themid ventricular short axis slice as shown in Figure 7.1. Both
linear and quadratic fits were performed using theMATLAB command ‘fit’ with
options ‘poly11’ and ‘poly22’. The results were subtracted from the phantom
background measurement to assess their effectiveness. While the linear fit does
not closely match the measured background offsets (in the X direction particu-
larly there are large differences), the quadratic fit achieves a reasonable estima-
tion of the measured offsets, with differences close to 0cm/s over the position
of the heart.
A full study will be performed for future work to determine the accuracy of
various methods of modelling the background offset based on static tissue seg-
mented using short axis myocardial phase velocity mapping images. This can
be done retrospectively on all scans that have so far been performed during this
project.
7.3.1.2 Improved segmentation
The time consuming segmentation is one of the main remaining limitations of
the technique and future work will aim to speed up the process. This could
involve segmenting only key frames within the heart cycle and interpolating
between them, or developing a fully automatic segmentation algorithm such
as the one described in Lutz et al. (2011) which uses active contour techniques
incorporating a shape model to segment the first phase, and then tracks profile
intensities to propagate the segmentation through the cycle.
Future work will also investigate carrying out the analysis using CMRTools
(Cardiovascular Imaging Solutions Ltd.) which is a commercial tool developed
at Imperial College used by clinicians to analyse clinical MR scans at the Royal
Brompton Hospital. This package is currently used to calculate volumes in all
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clinical scans by segmenting the epicardial and endocardial layers. If volumes
calculated from the magnitude images of the phase velocity mapping sequence
developed from this project could be validated against the current clinical ac-
quisitions, the phase velocity mapping sequence could be used instead. The
velocity information would then be gained without any additional processing
time. Alternatively the segmentation tools available in CMRTools could be used
and the segmentation exported for further processing in MATLAB.
7.3.1.3 GRAPPA
While the SENSE algorithm implemented to reconstruct the undersampled data
in Chapter 5 has allowed high quality images to be acquired within a clinically
acceptable breath-hold, the spiral duration could lead to issues in clinical use
in some patients. If higher acceleration factors were possible, shorter spiral
durations could be used, increasing the robustness of the technique. Further
investigation into other acceleration techniques could be carried out for fu-
ture work. In particular the through-time spiral GRAPPA algorithm developed
at Case Northwestern University (presented in the study by Seiberlich et al.
(2011)) has been applied in collaboration with Dr Nicole Seiberlich to the data
acquired during this project and can be used without any change to the acqui-
sition. The fully sampled data acquired during the first heartbeat is used as the
calibration lines in the GRAPPA reconstruction. Due to the use of temporal cor-
relations in the data there is the potential for higher acceleration factors than is
possible with the SENSE algorithm used in this thesis. However previous Carte-
sian work that has exploited temporal correlations in PVM data has found that
high acceleration factors can cause peak velocities to be underestimated due to
temporal smoothing (Lutz et al., 2011).
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7.3.1.4 Strain-rate
While velocities are a good way of showing myocardial mechanics, strain-rate
provides a more specific way of investigating myocardial contraction (bulk tis-
sue motion does not contribute). Previous studies have shown strain-rate in-
formation from velocity data (eg (Beache et al., 1995; Delfino et al., 2008a))
but without obtaining the complete strain-rate tensor, and while one study per-
formed 3D imaging in order to get the full strain-rate tensor (Selskog et al.,
2002), the temporal resolution was low (108ms) and the scan time was long
(around 40 minutes). The breath-hold sequence described in Chapter 5 allows
the acquisition of short axis stacks of cines (see Section 5.2.1.7) from which
strain-rate tensor information can be derived (although with low resolution in
the through plane direction).
Figure 7.3 shows example data produced by Dr Robert Merrifield of the Depart-
ment of Computing at Imperial College, visualising strain-rate data derived
from one of the acquired stacks of velocity data presented in Chapter 5. The
longitudinal, radial and circumferential components of the full strain-rate ten-
sor in the mid slice are shown through time with the various stages of the car-
diac cycle marked (‘ejection’, ‘clockwise’ etc.). On the right the velocity maps
are also shown for comparison and on the far right interesting frames in the
cycle are shown enlarged and with velocity information overlaid as arrows.
This is a preliminary example showing initial attempts at deriving this informa-
tion from the velocity data acquired. Future work will include developing this
processing and further analysis of strain-rate measurements in collaboration
with Prof Guang-Zhong Yang’s group at Imperial College.
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Figure 7.3: Example strain rate plots, with various stages of the heart cycle
marked. Also shown are the magnitude images and velocity maps for all 50
phases. On the right are magnitude images from four time points of interest
with in plane velocities overlaid as arrows.
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7.3.2 Future studies
7.3.2.1 Comparison with Echocardiography
Echocardiography is routinely used in clinical practice and is an obvious modal-
ity to compare PVMwith as it also can be used to measure myocardial velocities
via TDI. Comparing the two techniques is not trivial as they work in different
ways and have different advantages and disadvantages. Previous studies com-
paring the techniques have used different views for the two techniques (short
axis for MRI and four chamber for TDI) (Delfino et al., 2006; Jung et al., 2004)
but have attempted to analyse velocities from the same region of interest with
both techniques. This is clearly difficult to achieve and could lead to differ-
ent parts of the heart being compared. Despite this, good correlation has been
found for both radial (correlation of velocity data R=0.97 in twenty nine volun-
teers, Jung et al. (2004)) and longitudinal (R=0.86 for longitudinal velocities in
ten healthy subjects and ten patients with dyssynchrony, Delfino et al. (2006))
velocities. In both cases peak velocities were found to be higher when mea-
sured with PVM than with TDI, possibly because of the angle dependence of
TDI measurements.
Speckle tracking presents a possible method of comparing the two techniques
which is less prone to misregistration issues and which is not angle depen-
dent. A comparison study of strain-rate values measured with PVM and speckle
tracking will be carried out in healthy volunteers and in patients in collabora-
tion with Professor Roxy Senior at the Royal Brompton Hospital and Professor
Guang-Zhong Yang at Imperial College. The MRI acquisitions will emulate an
echocardiographic clinical exam with both modalities acquiring three long axis
views (two, three and four chamber) as well as short axis views. In this way all
three components of strain-rate can be investigated and a full comparison of
the techniques can be made.
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7.3.2.2 Patient studies
So far only healthy subject data has been presented in this thesis. The naviga-
tor gated sequence presented in Chapter 4 is difficult to apply to patients as it
requires cooperation and understanding in order for the biofeedback to work ef-
ficiently. Despite this, images have been acquired in three patients with HCM,
although with reduced image quality. Colour plots for the three acquisitions
can be seen in Figure 7.4 along with a healthy example for comparison.
As well as general lowering of velocities in all directions and throughout the
cardiac cycle, some regional differences between these plots and the healthy
colour plots can be seen. In particular SR is highly homogeneous in the healthy
subject example, with similar peak values across the whole myocardium. For
the patients however this is not the case with lowered velocities seen in the
hypertrophied regions (for example the anterior region of the third example).
It is not clear how much of the remaining differences are due to the reduced
image quality.
Unlike the navigator version, the breath-hold sequence allows the acquisition
of PVM data without greatly extending scan time. Results from the mid slice
of a DCM patient with a mildly dilated ventricle (end systolic volume (ESV)
96mL, end diastolic volume (EDV) 188mL, normal values for this age group
29-66mL and 99-179mL respectively (Manning and Pennell, 2010)) and slightly
lowered ejection fraction of 49% (normal range 56-75% (Manning and Pennell,
2010)) and the mid slice of a DCM patient with a greatly dilated ventricle (ejec-
tion fraction 21%, ESV 258mL, EDV 326mL, age matched ranges are 58-76%,
29-74mL and 113-196mL respectively Manning and Pennell (2010)) have been
analysed. Global peak velocities can be seen in Table 7.1 (basal and apical val-
ues for the early DCM patient are also shown) and Figure 7.5.
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Figure 7.4: Example HCM colourplots acquired with the navigator gated se-
quence, with a healthy example for comparison.
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Figure 7.5: Peak and TTP values for DCM patients and healthy volunteers
(mean ± SD shown).
Early DCM base Early DCMmid Early DCM apex Late DCM mid
SL (cm/s) 6.42 (5.13 to 10.13) 4.50 (3.31 to 9.74) 5.63 (3.21 to 7.47) 3.87 (3.31 to 9.74)
DL(cm/s) -9.69 (-14.65 to -5.56) -9.24 (-10.55 to -4.37) -5.34 (-7.05 to -1.95) -2.82 (-10.55 to -4.37)
ASL(cm/s) -2.22 (-6.26 to -1.93) -0.64 (-5.42 to -0.24) -0.30 (-3.27 to -0.39) -1.5 (-5.42 to -0.24)
SR(cm/s) 1.96 (1.86 to 2.82) 2.46 (2.01 to 2.96) 1.78 (1.76 to 2.72) 1.48 (2.01 to 2.96)
DR(cm/s) -5.24 (-6.38 to -3.00) -4.40 (-5.92 to -3.13) -4.56 (-6.09 to -3.31) -1-44 (-5.92 to -3.13)
ASR(cm/s) -1.28 (-2.52 to -0.37) -1.04 (-3.59 to -0.24) -1.46 (-3.01 to -0.58) -1.10 (-3.59 to -0.24)
C1(cm/s) -4.90 (-6.41 to -0.58) -3.82 (-6.61 to -1.52) -4.64 (-6.29 to -1.90) -1.60 (-6.61 to -1.52)
C2(cm/s) 3.58 (0.28 to 4.68) 3.74 (-0.66 to 3.62) 1.70 (-0.98 to 1.75) 1.52 (-0.66 to 3.62)
C3(cm/s) -2.86 (-2.53 to -0.37) 2.48 (0.97 to 3.20)
Table 7.1: Peak velocities in three slices from a DCM patient with a mildly
dilated ventricle (early DCM) and the mid slice of a DCM patient with a greatly
dilated ventricle (late DCM). 95% confidence intervals (ie mean healthy value ±
2SD) are shown in brackets and values outside those ranges are shown in bold.
Global peak velocities are within the healthy range for the early DCM patient
while the late DCM patient shows reduced values (ie outside of the 95% confi-
dence interval) in the longitudinal and radial directions.
Figure 7.6 shows regional colour plots for the two DCM patients alongside a
healthy volunteer for comparison. While the early stage plots look fairly similar
to the healthy example, the late stage DCM patient clearly has reduced veloci-
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Figure 7.6: Colourmaps acquired in a patient with early DCM and a patient
with late DCM, compared with a healthy volunteer.
ties in all directions. Diastolic radial relaxation is restricted to a small region in
the lateral wall. This comparison also makes clearer the regional abnormalities
of the early DCM patient, especially in the radial direction. Comparing colour
plots side-by-side in this way could allow easy analysis of regional dysfunction.
A full study will be carried out on a suitable patient cohort. Sufferers of car-
diomyopathies (DCM or HCM) are an obvious choice as they suffer from dias-
tolic dysfunction in the early stages of disease and this technique could pick up
dysfunction earlier than is currently possible in otherwise asymptomatic sub-
jects who are likely to develop the disease.
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7.4 Conclusion
The breath-hold technique presented in this thesis represents a step forward
for tissue phase velocity mapping. Images can be acquired within an easily
achievable breath-hold with good spatial and temporal resolution, and are re-
constructed at the time of scanning. This allows the inclusion of three short
axis slice acquisitions within a clinical workflow, and opens up the possibility
of acquiring a full stack of short axis slices in a reasonable time. Tissue phase
velocity mapping now has the potential to be included routinely in future clin-
ical practice.
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Glossary of terms
Ca2+ Calcium
K+ Potassium
Na+ Sodium
AHA American Heart Association
bSSFP Balanced Steady State Free Precession
BB Black Blood
CAD Coronary Artery Disease
CNR Contrast-to-Coise Ratio
DENSE Displacement Encoding with Stimulated Echoes
DCM dilated cardiomyopathy
ECG Electrocardiogram
EF Ejection Fraction
EPI Echo-Planar Imaging
FOV Field of View
FFT Fast Fourier Transform
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FT Fourier Transform
GPU Graphics Processing Unit
HARP Harmonic Phase
HCM Hypertrophic Cardiomyopathy
LV Left Ventricle
MRMagnetic Resonance
MRIMagnetic Resonance Imaging
PVM Phase Velocity Mapping
PSF Point Spread Function
RCL Radial-Circumferential-Longitudinal
RF Radio Frequency
RV Right Ventricle
SENC Strain-Encoded Imaging
SENSE Sensitivity Encoding
SNR Signal-to-Noise Ratio
SPAMM Spatial Modulation of Magnetisation
SPECT Single Photon Emission Computed Tomography
STAE Stimulated Anti-Echo
SD Standard Deviation
STE Stimulated Echo
STEAM Stimulated Echo Acquisition Mode
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TDI Tissue Doppler Imaging
TTP Time-To-Peak
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Appendix A
Water excitation proof
A water excitation works by using a series of RF pulses with flip angles which
add up to the required total flip angle φ but which have delays between them
which allow fat to nutate by pi radians between each pulse (in the rotating co-
ordinate system water does not nutate). At the end of the excitation water has
been excited by
α
n∑
j=0
(
n
j
)
(A.1)
where α is a normalisation factor
α =
φ∑n
j=0
(n
j
) (A.2)
whereas fat is excited by
α
n∑
j=0
(−1)j
(
n
j
)
. (A.3)
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where the extra (−1)j is due to the nutation of pi radians between each pulse.
This should be equal to zero so that fat is not excited. This can be proved by
using induction and the identity:
(
n
k
)
+
(
n
k +1
)
=
(
n+1
k +1
)
(A.4)
in the following way.
For n=1:
(−1)0
(
1
0
)
+ (−1)1
(
1
1
)
= 0 (A.5)
Assuming the equality is true for n − 1, ie
n−1∑
j=0
(−1)j
(
n − 1
j
)
= 0 (A.6)
we can show that the equality is true for n:
n∑
j=0
(−1)j
(
n
j
)
=
n∑
j=0
(−1)j
{(
n − 1
j − 1
)
+
(
n − 1
j
)}
(A.7)
where Equation A.4 has been used. We know that the j = 0 term is 1 and the
j = n term is (−1)n so we can write
= 1+
n−1∑
j=1
(−1)j
{(
n − 1
j − 1
)
+
(
n − 1
j
)}
+ (−1)n (A.8)
Using Equation A.6 and again using the fact that the j = 0 term equals 1, we can
rewrite the
(n−1
j
)
term:
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= 1+
n−1∑
j=1
(−1)j
(
n − 1
j − 1
)
− 1+ (−1)n (A.9)
Now rewriting with a new variable q = j − 1
=
n−2∑
q=0
(−1)q+1
(
n − 1
q
)
+ (−1)n (A.10)
= −
n−2∑
q=0
(−1)q
(
n − 1
q
)
+ (−1)n (A.11)
Again using Equation A.4
= −(−1)n−2 + (−1)n = 0 (A.12)
So for any binomial series, fat is not excited at all while water is excited by φ
which is the desired result.
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Publications
Simpson R., Keegan J., Gatehouse P, Hansen M., Firmin D. Spiral tissue phase
velocity mapping in a breath-hold with non-Cartesian SENSE Accepted for publi-
cation in MRM.
Simpson, R., Keegan, J. and Firmin, D. Efficient and reproducible high resolution
spiral myocardial phase velocity mapping of the entire cardiac cycle JCMR; 15(1):34
Simpson, R., Keegan, J. and Firmin, D. MR assessment of regional myocardial
mechanics (Review article). J Magn Reson Imaging 2013; 37(3):576-599 (DOI:
10.1002/jmri.23756).
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Appendix C
Conference abstracts
C.1 Oral presentations
Simpson, R., Keegan, J. and Firmin, D. High resolution spiral myocardial phase
velocity mapping (PVM) of the entire cardiac cycle Early Career Award - Basic
Science session in SCMR scientific sessions 2013.
Simpson, R., Keegan, J. and Firmin, D. Characterising global and regional my-
ocardial motion patterns for the whole cardiac cycle using retrogated spiral phase
velocity mapping ISMRM Annual meeting 2013 - awarded a magna cum laude
merit award.
Simpson, R., Keegan, J. and Firmin, D. High resolution spiral myocardial MRI
phase velocity mapping of the entire cardiac cycle NHLI Postgraduate Symposium
2013
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C.2 E-posters
Simpson, R., Keegan, J., Gatehouse, P. and Firmin, D. Right ventricular veloci-
ties over the entire cardiac cycle measured with high resolution spiral phase velocity
mapping: results, reproducibility and comparison with the left ventricle In ISMRM
annual meeting 2013.
Simpson, R., Keegan, J. and Firmin, D. Reproducibility of peak and time to peak
velocity measurements with a high resolution spiral phase velocity mapping (PVM)
sequence In SCMR scientific sessions 2013.
Simpson, R., Keegan, J., and Firmin, D. Regional analysis of 3-directional my-
ocardial velocities acquired in a breath-hold with efficient retro-gated spiral phase
velocity mapping In: ISMRM Annual meeting 2012.
C.3 Traditional posters
Simpson, R., Keegan, J. and Firmin, D.Measuring myocardial velocities with high
resolution using retrogated spiral phase velocity mapping BC-ISMRM 2013 Post-
graduate symposium
Simpson, R., Keegan, J. and Firmin, D. Right ventricular (RV) velocity measure-
ments using high resolution spiral myocardial phase velocity mapping (PVM) In
SCMR scientific sessions 2013.
Simpson, R., Keegan, J., Gatehouse, P. and Firmin, D.Retrogated spiral 3-directional
myocardial phase velocitymapping in a single breath-hold In: SCMR/ISMRM jointly
sponsored CV flow and motion workshop 2012 and SCMR scientific sessions
2012.
Simpson, R., Keegan, J. and Firmin, D. Spiral myocardial MRI phase velocity map-
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pingMayneord Phillips Summer School 2012.
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